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ABSTRACT OF THE DISSERTATION
ENGINEERING ELECTROMAGNETIC SYSTEMS FOR NEXT-GENERATION
BRAIN-MACHINE INTERFACE
by
Brayan Navarrete
Florida International University, 2021
Miami, Florida
Professor Sakhrat Khizroev, Co-Major Professor
Professor Osama Mohammed, Co-Major Professor
MagnetoElectric Nanoparticles (MENPs) are known to be a powerful tool for a
broad range of applications spanning from medicine to energy-efficient electronics.
MENPs allow to couple intrinsic electric fields in the nervous system with externally controlled magnetic fields. This thesis exploited MENPs to achieve contactless
brain-machine interface (BMIs). Special electromagnetic devices were engineered for
controlling the MENPs’ magnetoelectric effect to enable stimulation and recording.
The most important engineering breakthroughs of the study are summarized below.
(I) Metastable Physics to Localize Nanoparticles: One of the main challenges is
to localize the nanoparticles at any selected site(s) in the brain. The fundamental
problem is due to the fact that according to the Maxwell’s equations, magnetic fields
could not be used to localize ferromagnetic nanoparticles under stable equilibrium
conditions. Metastable physics was used to overcome this challenge theoretically
and preliminary results show the potential of single neuron localization in neural
cell culture. 3D electromagnetic sources generated a time varying magnetic field
pattern which effectively kept the nanoparticles in a metastable diamagnetic state.
(II) Electromagnetic Systems to Locally Stimulate Neurons: Assuming a magnetoelectric coefficient of 1 V/cm/Oe, application of a 1000 Oe field can lead to a

vii

local electric field of 1000 V/cm, which can be sufficient to induce stimulation. Two
approaches for achieving local stimulation relied on localization of nanoparticles and
field profiles, respectively. The nanoparticles were localized via the aforementioned
metastable physics. As for the field profiles, they were controlled by specially designed electromagnetic sources. Both approaches were used to achieve sub-mm firing
in hippocampal cell cultures. This controllably induced neural firing was confirmed
via standard calcium ion imaging and electroencephalography.
(III) Engineering Electromagnetic Systems to Record Neural Activity with
MENPs: A theoretical model was developed to use MENPs for contactless recording
of local neural activity. With MENPs, neural firing from a 1 mm3 depth could generate a magnetic field of 100 pT a few millimeters above the skull. For comparison,
this value is approximately 3 orders of magnitude higher than the field generated
by the same brain volume without using MENPs, i.e., on the order of 100 fT. Such
amplification of the magnetic field generated by MENPs has the potential to enable
cost-effective magnetoencephalography (MEG) based brain imaging systems which
could operate at room temperature in a shield-free environment.
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CHAPTER 1
INTRODUCTION

1.1

Motivation

The human body is an extremely complex biological system. This system is built
with trillions of electrical interconnects. These electric fields play a key role in
the underlying mechanisms that govern the human body and its functions. Current studies are not sufficient enough to truly understand these mechanisms; this
is especially true when talking about the human brain. To fully understand the
human body, these electric fields must be studied at the nano-scale level where single cell interactions are largely at play. Not only are interactions caused by the
single cell important, but also are the collective effects of interacting cells. In the
case of the brain, current technology barely possesses the small-scale resolution to
activate and/or measure the signal coming from one neuron. Furthermore, modern
technology does not have the dynamic range to view all the interconnects of that
same neuron at the same time. Unlike any other nanoparticles known to date, magnetoelectric nanoparticles (MENPs) are an ideal candidate to explore such signals.
Owing to the presence of the quantum mechanical magnetoelectric effect (ME), their
dual magnetic and electric properties take advantage of intrinsic electrical energy
coming from cells, while also transmitting data through magnetic properties wirelessly. The small size scale of MENPs can be used to explore single cells at the
molecular level, but also MENPs can be spread out probing multiple cells at the
same time. This dissertation explores specifically the signals that can be transmitted
and recorded from neural cells thus creating a benchmark for a completely wireless
brain-machine interface.
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Research has shown that magnetoelectric nanoparticles have potential for different medical therapies, e.g, for drug delivery to locally treat multiple types of
cancer (Ovarian [1][2][3] and Brain [4][5]) and to locally treat symptoms of Human
Immunodeficiency Virus (HIV) inside the brain [6]. MENPs are also considered as
promising diagnostic probes to detect different types of cancer, e.g., Nuclear Magnetic Resonance (NMR) to analyze the difference of MENPs’ spectra coming from
samples with and without cancer cells, respectively [7]. Some studies on brain stimulation have also been explored with MENPs where brain stimulation was conducted
on mice to study the response from relatively large areas of the brain [8][9]. All
these preliminary studies show the potential of these nanoparticles for neural and
other medical applications. Due to their popularity in research, MENPs along with
other nanostructures used in medicine have contributed to the ongoing development
of a field known as nanomedicine, combining the efforts of emerging nanotechnology
and traditional medicine [10]. Although there has been tremendous progress in both
nanotechnology and medicine, many questions remain unanswered due to the inadequate understanding of the human body at the nanoscale level. The human body
is an extremely sophisticated engineering system designed and optimized by nature
through billions of years of evolution. In order to understand such a brilliantly
designed system along with its trillions of interacting cells, the underlying physics
behind inter- and intra- cellular fields needs to be understood. Arguably, there is
no better candidate to investigate these fields than the MENP. In this dissertation
we used electric fields to identify molecular level interactions within and between
neurons, treating the human brain like an engineering system, a system which can
be studied from a new perspective - engineering. Thus, with the ability to control
these electric fields at the nanoscale level and further development with MENPs,
the intrinsic molecular mechanisms inside the cells could possibly be controlled,
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ultimately controlling all the cell’s fundamental biological processes [10]. This dissertation will primarily deal with the signals coming from neurons in cell culture.
It accomplishes the task to both stimulate and detect electrical signals coming from
neural systems. This paves a path to investigate neural systems, wirelessly, with no
physical contacts or surgical implants using magnetic fields.

1.1.1

Overview of MENPs

The MENPs used throughout this dissertation have a coreshell structure that is
based on a lattice matched surface interface between a magnetostrictive core and
a piezoelectric shell. This lattice interaction gives MENPs their dual electric and
magnetic properties, known as the Magnetoelectric effect or ME effect. Not only
does it harvest electric and magnetic energy, but it can harvest energy carried by
other fields such as acoustic/ultrasound and even wide frequencies in electromagnetic
waves such as near infrared [10]. Due to this ability to combine multiple fields,
MENPs present a perfect platform to exploit the merits of some fields and mitigate
the limitations of others. This distinguishes MENPs from all other nanoparticles,
allowing for the perfect candidate to investigate the intrinsic molecular-level electric
fields in the brain. MENPs allow for wireless sensing and control of electric fields
at the nanoscale level, anywhere in the brain, via magnetic fields. This relationship
between the magnetic and electric field can be described thermodynamically with
the landau theory [11], which states that the second-order free energy cross term,
including both electric and magnetic fields, is given as

G(E, H) = −αij Ei Hj
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(1.1)

Where E is the electric field and H is the magnetic field, and αij is the ME
coefficient tensor, which in most cases is diagonal. Therefore,

Pi = −

dG
= −αii Hi
dEi

(1.2)

dG
= −αii Ei
dHi

(1.3)

and

Mi = −

Where P is the polarization and M is the magnetization of the nanoparticles.
Therefore, the MENPs’ magnetization can be induced via application of an electric
field and vice versa, such as their electric polarization can be induced via application
of a magnetic field. For neural systems MENPs use this property to transform neural
electric energy coming from their action potentials into magnetic fields for wireless
reading, while also transforming magnetic fields into electric fields to stimulate for
neural activation. Currently, one of the most popular composites of MENPs is the
coreshell structure as seen in figure 1.1, such as CoFe2 O4 -BaTiO3 . This specific
MENP uses a magnetostrictive spinel core CoFe2 O4 and a piezoelectric perovskite
shell BaTiO3 [12]. The size of these nanostructures can be controlled from fewer
than 20 to more than 100 nm through different chemical processes, such as sol-gel,
co-precipitation, thermal decompensation, etc. This has been achieved in our group
which has produced MENPs in the size range of 10 to 20 nm, as seen in figure
1.2. These size characteristics can be applied to fit into different types of cellular
environments, MENPs are small enough to fit on top of the neuron’s membrane or
even fit into the space known as the synaptic cleft.
Furthermore, the crystallinity of these MENPs have been investigated rigorously. To compare its crystal properties X-ray Diffraction (XRD) measurements of
MENPs, its core (Cobalt Ferrite), and its shell (Barium Titanate poweder) are seen
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Figure 1.1: A coreshell MENP configuration made of a magnetostrictive core and a
piezoelectric shell. Where P is the polarization and M is the magnetization of the
nanoparticle
in figure 1.3. This XRD spectra confirms the high-quality crystallinity of the core,
the shell, and the interface. The crystal structure between both the core and shell
components is vital for maximizing the ME effect and increasing the saturation of
the core, without a lattice matched interface MENPs ME values. The corresponding
normalized peaks in figure 1.3 demonstrates the purity of cobalt ferrite (core) and
barium titanate (shell) as well as the shift of each corresponding peak in core-shell
configurations compared to those in individual components. For example, the main
characteristic peak (110) of barium titanate shifts left in the core-shell structure.
Moreover, MENPs have now been shown to demonstrate ME values above 5 and 2 V
cm−1 Oe−1 [13], before these reported values, values of 0.1 V cm−1 Oe−1 were typically reported. These values are attributed to the lattice-matched interface between
the shell and the core, now confirmed by transmission electron microscopy, seen in
figure 1.4. Neural application can be achieved more efficiently due to more signal
coming from MENPs with these ME values. With higher ME values MENPs are
able to convert electrical and magnetic energies more efficiently, allowing for easier
stimulation and detection of neural signals. Generally, magnetic particles in this size
range tend to fall into the superparamagnetic state at room temperature. MENPs
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Figure 1.2: TEM Image of MENPs of 3 sizes: 10, 15, and 20 nm.
do not fall into this state as they have a core with high magnetic anisotropy, which is
further increased due to the ME coupling between the core and the shell. The high
magnetic anisotropy of MENPs prevents them from reaching a superparamagnetic
state even at smaller sizes. When MENPs reach a superparamagnetic state, they no
longer behave as efficient. In the superparamagnetic state magnetic particles have
low anisotropy. This causes the magnetic particle to have lower magnetic energy
which also causes the ME coefficient of MENPs with the same core to be low as
well, keeping them in their ferromagnetic state is best for ME applications.
Apart from size control, the chemical process is also used to control MENPs’
intrinsic properties such as the magnetic anisotropy and saturation and extrinsic
properties such as the coercivity. In figure 1.5-1.7 magnetometer measurements of
MENPs with different magnetic properties are shown, showing magnetic saturation
from a range of around 0.5 emu/g to as high as 40 emu/g, also, showing control
of the coercivity with a range of <100s of Oe to as high as ∼2000 Oe. These
characterizations of MENPs’ magnetic properties allow for them to be designed
specifically for different application not only in neural systems, but also in other
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Figure 1.3: XRD spectra of MENPs, it’s Core, and Barium Titanate powder.

Figure 1.4: TEM of a Single MENP from a) Far b) Close and c) near the interface
layer.
fields, such as magnetically rechargeable batteries and magnetic recording devices.
This dissertation presents an in-vitro study on neurons, although this dissertation
only presents data with one type of particles, one such way to apply these MENPs
to in-vitro studies by mixing a variety of MENPs with different magnetic properties.
With this mixture, varying magnetic fields can be applied to a whole region, but will
only select certain MENPs with specific magnetic properties. This creates selectivity
of MENPs targeting specific regions in the neural system while applying different
types of magnetic field to the whole system. MENPs have laid a foundation to
properly investigate different systems within the human body, allowing to investigate
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Figure 1.5: Different Alternating Gradient Magnetometer (AGM) measurements of
cores for MENPs with different chemical process parameters. Each color represents
a different type/generation of magnetic core.
molecular fields wirelessly via magnetic fields. This dissertation cares to explore the
effects of MENPs on neurons and investigate if MENPs can properly stimulate and
record signals to and from neurons.

1.2

Overview of Neural Technology

In the current chapter, an overview of current neural technology is provided. The
technology is divided into several categories, depending on its being invasive or
non-invasive, and if used for stimulation or recording.
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Figure 1.6: Different Alternating Gradient Magnetometer (AGM) measurements of
cores for MENPs with different chemical process parameters. Each color represents
a different type/generation of magnetic core.

1.2.1

Current Non-invasive Recording Neural Technology

Currently, some of the most widely used non-invasive technology for recording neural
activity are electroencephalography (EEG), functional near-infrared spectroscopy
(fNIRS), functional magnetic resonance imaging (fMRI), and magnetoencephalography (MEG) [14].
EEG is one of the oldest technologies, with very good temporal resolution, while
also being portable. It is inexpensive compared to the other non-invasive technologies; however, it has extremely low spatial resolution [15]. EEG uses electrodes
placed on the scalp to record electrical activity. Although EEG is clinically proven
outside a low noise environment, EEG’s signals are quite low and are best measured
in a low electrical noise environment to compete with existing invasive technology
with cleaner signals, e.g., a shielded room [16]. With a 19-electrode EEG system the
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Figure 1.7: Different Alternating Gradient Magnetometer (AGM) measurements of
cores for MENPs with different chemical process parameters. Each color represents
a different type/generation of magnetic core.
optimal spatial resolution is 22-37 cm3 , while with a 129-electrode system (Figure
1.8) it is 6-8 cm3 [17][18]. When trying to investigate neurons with a soma size of 33
µm, EEG’s spatial resolution is not sufficient to properly investigate single neuron
functions [19].
fMRI measures brain activity by detecting changes in the blood flow in the
brain through magnetic resonance imaging (MRI) [20][21]. fMRI has a much better
spatial resolution compared to EEG, the typical size of an fMRI pixel is 3-4 mm
and with higher fields up to 7T a pixel size of 500 microns can be achieved [22].
Although fMRI has a decent spatial resolutions, fMRI lacks in temporal resolution.
The temporal resolution is limited by hemodynamic reponse time, with a width of
about 3s and peaks occuring about 5-6s after the onset of a brief neural stimulus
[23]. fMRI also needs bulky and expensive equipment for acquiring signal. Although
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Figure 1.8: A 129 electrode EEG net cap pictured from P. Guillen [18]
a good candidate for Brain-Machine Interface (BMI) applications, it is still not quite
there yet in terms of temporal resolution and miniaturization [24].
fNIRS, just like fMRI, uses blood flow to detect brain activity. But instead of
MRI, fNIRS uses near-infrared imaging to detect blood flow in the brain [25]. fNIRS
is cheaper and more portable [26][27] than fMRI, but has extremely low temporal
and spatial resolution, 0.01 s and 1 cm respectively [28][29].
MEG is similar to EEG, but instead of reading electric signals from the brain,
MEG reads magnetic signals coming from the brain; similar to EEG it runs into the
open mathematical question of inverse solutions [30][31]. Similar to fMRI, MEG is
bulky and expensive.

1.2.2

Current Non-invasive Stimulation Neural Technology

Non-invasive stimulation technologies consist of transcranial electrical stimulation
(tES), transcranial magnetic stimulation (TMS), and focused ultrasound (FUS). All
technologies are applied outside of the brain and its skull, already a clear disadvantage for acquiring clean signals from the brain. tES consist of attaching electrodes
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to the scalp to inject direct or alternating currents (DC or AC) [32][33] of up to 1-2
milli Amps for only up to 30 min, due to limitations to how much current can be
applied to the human body safely [34]. Although having poor spatial resolution of
2 mm, many commercialized versions of tES with higher-definition have been made
[35][36]. Questions have been raised about the long-term effects on the human body
when applying prolonged bursts of electrical current (both DC and AC). Although
it has been commercialized, not all humans benefit from its effects, due to the variety of differences between each human and their brain (such as head size, tissue
thickness, skull thickness, etc.) [37].
On the other hand, TMS uses extremely high electric current (up to 5000 A)
inside of a coil on top of the scalp to generate a magnetic field that induces current flow in the underlying cortical tissue causing neural firing [38][39]. TMS has
really good temporal resolution, in the order of milliseconds, and has been used
in human cognitive enhancement studies such as perception, learning, and memory
[40][41][42][43][44]. Just as tES, TMS has its shortcomings, having poor spatial resolution due to the coils not allowing for precise focus of the electromagnetic wave.
TMS spatial resolution is highly dependant on the shape of the stimulating coil,
with a figure 8 coil with 45 mm circular diameter components, TMS can obtain a
spatial resolution of a few millimeters [45]. Also, deep brain stimulation cannot be
done without stimulating the other top layers of the brain, decreasing the spatial
resolution further.
FUS is a new and developing neurostimulation technique, using low-intensity
focused ultrasound pulsations to produce reversible excitation or inhibition on neurons [46]. Due to FUS only being developed in recent years, only recently has human
experimentation started, and its safety is still being investigated [47].
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None of these techniques achieve the criteria to become a proper BMI defined
in figure 1.10 as ”Ideal”. These techniques are primarily developed to stimulate the
brain without introducing instruments inside the brain. Because these techniques
are not inherently in the brain, it is hard to achieve clean signals from the brain. Due
to this, most of these techniques even with further development would be difficult
to become an ”Ideal” BMI.

1.2.3

Current Invasive Neural Recording Technology

Invasive neural recording technologies involve inserting electrodes directly in the
brain or on its surface. Because of the lack of scalp (tissue and skull) this technique
can obtain recordings with less distortion and noise. One of these methods is known
as Electrocorticography (ECoG), similar to EEG, measuring electrical activity generated by neurons, except these electrodes are placed directly on the brain [48].
The signal to noise ratio (SNR) of this technique is high, and it has good temporal
resolution of around 5 ms. ECoG lacks spatial resolution, without microelectrodes
its spatial resolution is as high as 0.5-3 mm. It is not capable of reading large areas
of the brain while also maintaining single neuron precision [49][50].
Developments on recording signals from smaller areas by decreasing the size of an
electrode to potentially detect signals from a signel neurons have advanced dramatically in recent years. These developments were not only able to decrease the area
which is being measured, but can also obtain a high SNR (such as the Utah array
seen in figure 1.9). The Utah array is capable of measuring the electrical activity of
one or very few neuron(s) and selecting different regions in the brain a fraction of a
millimeter apart., while holding an average SNR of 6:1 [51]. These electrodes, due to
their elongated structure and the presence of multiple pads on their surface, allow
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Figure 1.9: Scanning Electron Microscopy (SEM) Image of a Utah Array from E.
Maynard et al [51]
high precision and high density multi-recording in deep brain structures [52][53].
Recent studies have shown to improve the limited available recording region for microelectrodes, giving it some hope for good spatial resolution of around 0.05-0.35
mm, but ultimately risky due to a larger amount of brain exposure due to the requirement for surgery. Although risky, these electrodes have been used in research
on animals and even on humans (typically for motor disabilities) [54][55][56][57][58].
Microelectrodes have found some success in real life applications. Neuralink, a
company founded by Elon Musk, implanted up to 1000s of electrodes in the brain.
Neuralink’s technology is still undergoing development, but has shown promise for
commercial application, connecting the brain to 1000s of microelectrodes [59]. The
risk factor and low dynamic spatial resolution might not be enough for the technology to function as a full brain-machine interface.
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Figure 1.10: Characterization of different neural technologies for recording and stimulation based on temporal resolution, spatial resolution, invasiveness, and portability
from C. Cinel et al [14].

1.2.4

Current Invasive Neural Stimulation Technology

Invasive stimulation technology, similar to recording technology needs to be implanted directly in the brain. Currently this technology is known as deep brain
stimulation (DBS), and is typically used for treatments of movement and memory
disorders. This consists of implanting devices that produce electrical pulses in the
area near the implant. This allows for neural activity in that area to be stimulated
for treatments (such as Parkinson’s disease, epilepsy, and other neurodegenerative
diseases) [60][61][62]. Besides neurodegenerative diseases, DBS has been used as a
visual prosthese, connecting the brain to a camera via implanted electrodes on the
visual cortex [63][64]. Even more impressive, this technology has been created to
connect one rat’s brain to another [65][66], and other studies find improvement in
memory with similar implants [67].
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Figure 1.11: Advantaged and disadvantages of different neural technologies for
recording and stimulation from C. Cinel et al [14].

1.2.5

Comparison of Current Neural Technologies

The different neural technologies described in this section all have their pros and
cons. Invasive technologies such as the microelectrode arrays and DBS show success
in many treatments in medicine, however, these methods are highly invasive and
risky to the human body. Non-invasive technologies show promise for stimulation
and recording, only being hindered by how expensive and bulky they are, especially
when it comes to recording neural signals. Figure 1.10 (more details are provided
in figure 1.11) shows an in depth summary of all these technologies, separating
the more advanced technologies from the others. In this figure MEAs, DBS, and
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ECoG are the most promising technologies. They have high spatial and temporal
resolution, while still being portable. These three technologies are all invasive and
require neurosurgery, not ideal to investigate the brain in detail at its true state.
The ideal technology for neural applications should have high spatial and temporal
resolution, be portable, and non-invasive. This technology is shown in figure 1.10
on the top right denoted as ”ideal”. Invasive technologies are close to reaching this
ideal state but need to be developed further to reduce risk. MENPs with a size
range of below 30 nm and magnetic localization technique development can have a
spatial resolution better than any of these technologies, while being able to wirelessly
transmit data through electromagnetic signals with high temporal resolution [8][9].
Investigations in the toxicity of MENPs have shown that the nanoparticles can be in
a cellular environment and maintain healthy cells [68]. MENPs are also able to be
excreated from the body, moving away from organs in as little as days [69]. Further
development of MENPs and novel wireless detection devices promise the ”ideal”
state for neural technologies.

1.3

Outline of This Thesis

This dissertation from this point forward will discuss in Chapter 2 the fundamentals in magnetic theory. The chapter starts with basic magnetic theory, then
classifying different types of magnetic materials, and ending with details on the
physics behind a MENPs based neural recording system.
Chapter 3 explains the novel physics behind devices created for reading magnetic particles used to probe neural systems. This chapter then goes into detail on
actual devices created on both reading and stimulating cells for both neural cell
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culture and in-vivo mice. Subsequently, discusses methods to properly navigate and
place MENPs on to specific regions.
In Chapter 4 , the results from each of the experimental methods mentioned
in chapter 3 are shown. This chapter gives detailed analysis of each neural system
either as neural cell culture or live mice. Conclusively, explaining the physics and
observation seen resulting from each experiment.
Finally, a short conclusion is addressed in Chapter 5 , wrapping up thoughts and
observations both from the investigations and further development for the future.
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CHAPTER 2
BACKGROUND
This chapter will go in depth into some magnetic theory, magnetic material classification, and theory explaining the physics behind how MENPs will record from
neurons. Theory behind how these investigations stimulated neurons will be discussed in detail in chapter 4 after the results of the experiments have been discussed.
Some of the theory will go into more depth than others, this dissertation focuses
more on the electromagnetic theory rather than the biological theory. Although this
dissertation primarily discusses engineering design, basic biological theory will be
written throughout the dissertation as it cannot be ignored in the bigger scope of
this dissertation.

2.1

Types of Magnetic Materials

Almost all materials have magnetic properties associated to them. As it is widely
known, magnetism comes from the spin and orbit of electrons surrounding an atom.
Because of this there are slight magnetic properties in all materials, some materials
either cancel the magnetic properties out due to electron spin cancelling or are so
small they are deemed negligible. This section will go into further detail on exactly
how most materials are characterized and the physics and terms behind it.

2.1.1

Magnetic Susceptibility and Permeability

Throughout this dissertation, one of the most important terms used to characterize
magnetic materials is magnetic susceptibility. Although this term is basic in electromagnetic theory, is plays a key role in the development of several components of
this research, particularly the response of MENPs and the interaction between the
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nanoparticles and cellular microenvironment. Therefore, it is critical to discuss the
underlying physics.
Magnetic susceptibility is denoted by χ, and is the magnetic response of a material seen through

M = χH0

(2.1)

where M is the magnetic moment per unit volume and H0 is the applied magnetic
field intensity. The unit for M is electromagnetic unit (emu) per cm3 . H0 is typically
used to denote an applied or external magnetic field. A BH hysteresis loop and M H
hysteresis loop are used in order to completely characterize a magnetic material. In
this case for BH loop, the magnetic field density B is plotted against magnetic field
intensity H. The M H loop is obtained similarly, but instead plotting magnetization
M against H. To obtain these loops properly a magnetic field starting from zero
field is applied and then swept to a high value (dependant on the type of material),
swept back to the negative magnitude of the same high value, and returned to the
positive magnitude of the original high value.
To better understand and elaborate on these concepts, a typical M H loop that
was taken experimentally can be seen in figure 2.1. When measuring the magnetization of a material while sweeping the applied magnetic field a hysteresis loop
is created. It takes more energy to switch the magnetization of the material from
one end to the other. This point on the graph where it goes from zero to non-zero
magnetization from a non-zero applied magnetic field is known as the Coercivity
(Hc). In other words, magnetic materials are resistant to magnetization change on
the opposite end of the hysteresis loop. Coercivity is an important parameter used
to characterize magnetic response of nanostructures. Therefore, it is a vital property
to determine the interaction between MENPs and the cellular microenvironment.
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Figure 2.1: Typical M H loop from a magnetic material.
Coercivity is an extrinsic property of the material; it is a fraction of the anisotropy
field, which is an intrinsic property of the material. Being an extrinsic parameter,
the coercivity is strongly affected by the interface between the magnetic core and
the piezoelectric shell of MENPs. Therefore, the coercivity can be controlled in a
wide range by the chemical process used to synthesize the nanoparticles. A good
example of this is the magnetic recording industry, where they use this value to predict the switching fields needed for Hard-Disk Drives. Another important value in
figure 2.1 is saturation magnetization (Ms), this is the point in the hysteresis where
there is no more change in maximum/minimum magnetization. Therefore, after the
saturation point an extremely high field can be applied, but the magnetization will
change slightly (negligible) in response to the field. The last value seen in figure
2.1 is the remanence (Hr ), this is the point on the loop where there is zero applied
magnetic field but there is still some magnetization left in the material. For BH
loops this is also known as retentivity but are usually interchanged with each other.
In this dissertation it will be primarily known as the remanence.

21

Taking a closer look into equation 2.1 the magnetization can be divided by the
applied field in order to get the susceptibility of the material that was described
earlier on in this section. This indicates that the susceptibility is not the only
property that is used in characterizing magnetic materials. A significant part of
the characterization is also affected depending on how the magnetization behaves
when different magnitudes of magnetic field are applied. Different responses in
magnetization as the applied field is swept is how different magnetic materials are
classified. Now that the basic concepts have been introduced in order to classify
these materials. Further sections will go into detail on the basic classification of
magnetic materials, and how the values described above are used.

2.1.2

Diamagnetism

All materials, even those we claim to be ”non-magnetic” are actually diamagnetic.
The reason we don’t call them magnetic is because their magnetic properties are
relatively weak. Nevertheless, diamagnetism is a very important concept in this
thesis, because it is used to navigate the nanoparticles in the brain via application
of metastable physics. Therefore, it is worth understanding what ”diamagnetism”
means. There are two basic sources of magnetism, which are due to orbital and spin
motion of electrons, respectively. Traditionally, by magnetic materials, they imply
materials in which magnetic properties originate from the electron spin. In turn,
the spin is a quantum-mechanical parameter. Hence, unlike electricity, magnetism
cannot be explained using classical physics. Usually, the spin-based response has
a paramagnetic nature, which implies that the magnetic moment increases with an
increase of the magnetic field. In contrast, the diamagnetic response implies that the
magnetic moment decreases with an increase of the magnetic field. The traditional
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orbital motion based magnetism has a diamagnetic nature. In this respect, every
materials is diamagnetic. The reason we don’t call all materials magnetic is because
the diamagnetic response for most materials, except for superconductors, is relatively insignificant even for a relatively high magnetic field on the order of 1 T [70].
The different response to an applied magnetic field is how matter is classified into
different magnetic types. Primarily relative permeability and relative susceptibility
is used to differentiate between the different types of magnetic materials.
Diamagnetic materials are materials that show a negative force when a magnetic
field is applied. This form of magnetism is extremely weak and is usually deemed
as non-magnetic because the effects are negligible until higher fields are applied.
When this magnetic field is applied to diamagnetic materials it causes the electron
orbit to precess about the direction of the magnetic field. Due to this each electron
inside the field acquires an additional angular momentum that adds to the total
magnetization of the overall sample. Therefore, the susceptibility is given as [70]

χ = −µ0 N

e2
6m



Σ(r2 )

(2.2)

The negative effect in this equation comes from Lenz Law. This equation states
that when the magnetic field is turned on in a diamagnetic material. The electron’s
orbit behaves like an induced circulating electric current in a direction that its own
magnetic flux opposes the change in magnetic field through the orbit. Simply, the
induced magnetic moment is direct opposite of the magnetic field applied.
Diamagnetic effects are dominated by atomic volume variables and is only really
affected by the magnitude of the magnetic field applied. There is no temperature
dependence (other magnetic materials are extremely temperature dependent, seen
later in this chapter), this is seen both experimentally and theoretically.
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Even though diamagnetic materials possess weak magnetic properties, they have
been applied in an interesting area, levitation. In some superconductors, the diamagnetic response of the material are so strong that the magnetic field is left out
of the material completely. These effects can be used in applications for levitation,
using these materials to control the height with diamagnetic response. Theoretically levitation sounds easy, but the cost and effort of maintaining the materials as
a superconductor overshadows how useful it can be in real life applications. Another alternative for levitation is applying extremely large field greater than 10
Tesla to overcome the weak magnetic properties and levitate diamagnetic materials.
This type of diamagnetic levitation was achieved by A. K. Geim with J. C Maan,
H. Carmona and P. Main in 1997 where they levitate small objects such as frogs,
grasshoppers, water drops, flowers, and hazelnuts in a large 16 Tesla field [71][72].
Trying to get magnetic fields as large as 16 Tesla. As seen in the figure superconducting solenoids create fields needed for diamagnetic levitation. Geim in his
studies used what is called a bitter magnet that produced 20 Tesla when applying
an electrical current of 20,000 amps. Because of this high amperage, water needs
to be circulated around the magnet to keep it cool from current heating. Geim
achieved levitation with these magnets when the field in the center was about 16
Tesla, this magnetic gradient is enough to cancel the force of gravity [72]. To get
an idea of how large this magnetic field is, figure 2.2 shows a table representing different naturally occurring and man made magnetic fields. Geim stated in the same
article ”...only very few materials - such as iron or nickel - are strongly magnetic,
while the rest of the world’s materials are not; to be precise, the rest of the world
is a billion (109 ) times less magnetic”. Geim stating this difference not only gives a
good picture about the misconception of magnetism, but also how technology can
advance enough to allow for only 10 times larger magnetic field to levitate an object
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Figure 2.2: Typical magnetic fields from different sources [70].
rather than 109 times more. Diamagnet’s weak magnetic properties are still used
to created technology that isn’t possible in other means. Diamagnetic levitation
would be more viable today if it weren’t for the cost and effort to keep materials
in the superconducting state. In this dissertation diamagnetic response is used as a
method to guide metastable state ferrimagnetic nanoparticles to a focused location,
this will be explained in more detail in chapter 2.

2.1.3

Ferromagnetism

Iron, Cobalt, and Nickel are universally known as the only ”magnets” in the world.
These elements are the bases to almost all ferromagnetic materials known to date.
Because of this, ferromagnets are considered as true magnets to the average person.
As mentioned before, all materials exhibit some type of magnetic force when applying a magnetic field, but the force is so weak that the effect can be deemed negligible.
Paramagnets typically exhibit a positive susceptibility of around 10, while ferromag-
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nets exhibit orders of magnitudes greater above 106 . Ferromagnetic materials are
highly versatile in nature, they can keep their magnetic structure through hysteresis
as stated in section 2.1.1. Although ferromagnetic materials can be demagnetize by
applying a temperature that is known as the Curie temperature Tc [73], above this
temperature the spontaneous magnetization of ferromagnets disappears.
To further understand magnetic materials and discuss the properties that commercial applications use, quantum mechanics is used to explain the phenomena that
happens in individual electrons with their orbital and spin momentum. Typically,
this is introduced earlier before ferromagnetic materials. In this dissertation many
of the properties that are seen in magnetic quantum physics are explored purely
inside of ferro- and ferri- magnets, so it will be discussed into detail in this section.
Angular momentum has been discussed earlier in this dissertation. In those
sections angular momentum is seen as the momentum created when there is a change
in the angle of a magnetic moment. Classically an infinite number of angles can be
used to calculate angular momentum. However, quantum mechanically there are a
discrete amount of states an electron can hold, therefore there are only a discrete
number of angles that an electron can be used to calculate angular momentum. This
is summarized in Cullity’s book seen in figure 2.3. This figure shows how classically
(a) an angle state can be continuous and face any direction within its boundaries,
while in quantum mechanics in can only take certain states depending on how many
quantum possibilities are available [74]. In this figure it is seen for two (a) and five
(b) quantum possibilities, J will be explained further in this section.
Magnetic moment of atoms originates from electrons in partly filled electron
shells. Each electron has two different types of angular momentum, that coming
from the orbital motion denoted as L. As well as its own rotational motion known
as spin denoted as S. The orbital magnetic moment µ~L is expressed as
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Figure 2.3: Classical (a) and Quantum (b) illustration of angular states diagrams
from B. Cullity [74].

~
µ~L = −µB L

(2.3)

While the spin angular momenta µ~S is expressed as

~
µ~S = −2µB S

(2.4)

In both cases µB is the Bohr Magneton which defined earlier in equation ??.
These two equations can be combined, seen in equation 2.21, to obtain the total
magnetic moment µ [73]

~ + 2S)
~
µ
~ = −µB (L

(2.5)

To explain J further, L, S, and µ all precess about the total angular momentum
J. J can be obtained by coupling together the 2n angular momenta coming from an
n-electron atom. Most ferromagnetic material’s magnetic moment is largely given by
spin, rather than the orbital motion. These materials are typically iron-series metal
atoms such as Fe, Co, Ni, and YCo5 as well as the ferrimagnetic oxides (which
will be explained further in the section 2.2.6) Fe3 O4 and NiO. In these magnetic
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materials the spin moment µ~S is equal to the number of unpaired electron spin,
while the orbital moment µ~L is really small. The orbital motion of the electron is
being ”quenched” due to the crystal field of the material, causing the order of orbital
moment to be 0.1µB .

τ = τ0N exp(∆E/kT )

(2.6)

Along with the quantization of magnetic spin in ferromagnetic materials, there
is a phenomenon that appears when ferro-/ferri- magnetic materials reach a lower
size range (less than 100 nm). This phenomenon was first seen by M. Neel in 1987
[75], these materials are known as superparamagnetic. Neel described the typical
time between two states of spin as Neel Relaxation Time, also described in equation
2.6 [76]. In sufficiently small magnetic materials, their magnetization can randomly
flip direction under the influx of varying temperature change. This change of temperature/magnetization is extremely quick and can change in a range as low as
femtaseconds and as high as nanoseconds [77]. Relaxation time can depend slightly
on temperature and material parameters such as magnetization, gyromagnetic ratio, Young’s modulus, and size. When no external field is applied and the time
used to measure the magnetization of the nano magnetic material is larger than
the relaxation time, the value of magnetization appears to be zero, this is known
as the superparamagnetic state. The superparamagnetic state continues to hold
even if this ferromagnetic material was magnetized in the past. When applying a
magnetic field, the nano material can still be magnetized, but it will not keep its
magnetization if the external magnetic field is taken away, similar to paramagnets.
Although classified with the name paramagnet, superparamagnets have a magnetic
susceptibility much larger than paramagnets [78]. In many applications, especially
in magnetic recording media, when a ferromagnet becomes superparamagnetic and
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Figure 2.4: Description of atoms inside (a) Ferromagnetic (b) Ferrimagnetic and (c)
close up of Ferrimagnetic B. Moskowitz [81].

Figure 2.5: Description of spontaneous magnetization-temperature curves predicted
by Neel figure from M. Neel [80].
loses its coercivity, it challenges the recording industry to develop higher density
media [79]. Superparamagnetic state materials lose some properties that are beneficial for certain applications. Avoiding this state is beneficial, but as most materials,
it can be engineered towards its own advantage.
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2.1.4

Ferrimagnetism

Before Neel coined the term ”ferrimagnetic”, the term ”ferromagnetic” was used to
distinguish the properties of materials which below a certain temperature exhibit
spontaneous magnetization arising from a non-parallel alignment of atomic magnetic
moments [80]. This phenomena can be seen illustrated in figure 2.4 [81], in this figure
it can be seen why ferro and ferrimagnetic materials were not classified separately
until Neel. The only difference between the atoms of ferro- and ferri- materials is
that within the lattice there are small spins that allow for a net positive spin, which
is only seen at a certain temperature range.
Neel predicted four different models, seen in figure 2.5, showing non-linear temperature dependence to magnetization, all depending on the composition of the
material being measured. Depending on the composition of the magnetic material,
different graphs of temperature dependence can be created, ultimately being able to
control its magnetic properties through chemical composition. Unlike ferromagnetic
materials which have a linear magnetic relationship with temperature, ferrimagnetic
materials have a non-linear relationship with temperature. Neel only described interactions simply, Yafet and Kittel in 1952 further elaborated Neel’s theory including
interaction with ions between the sub-lattice, interactions between the sub-lattices
itself, and even introducing triangular arrangements that can be considered as unstable as well [82]. MENPs cores consist of CoFe2 O4 , a basic ferrimagnetic material,
that is governed by the theoretical concepts discussed above.
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Figure 2.6: Inductive Coil Diagram.

2.2
2.2.1

Theory of MENP based Brain-machine Interface
Novel Inductive Coil Recording Theory

This section discusses in depth the novel theory of the device used to read neural
signals. This device is known as inductive coils, used to read small magnetic signal.
Theoretically, this inductive coil design is also known as a susceptibility meter. It is
used to measure the magnetic susceptibility due to a relatively small change in the
magnetic moment of a sample exposed to an AC magnetic field. Figure 2.6 shows a
simple diagram of the coils, identifying the receiver with voltage V coming out and
the transmitter with current I going in. This figure summarizes the inductive coils
visually to help support the theory.
The transmitter magnetizes the MENPs produced by coil denoted by, Ht ∼
T
, where NT and RT are the number of turns and radius of the transmitter
χ IN
RT

coil respectively. Experimental numbers for the current, number of turns (100),
and radius of the transmitter (2.5 mm) are plugged into basic equation to calculate
current and magnetic field.

I∼

1V
= 50 mA, NT ∼ 100, RT ∼ 2.5 mm
30Ω

(2.7)

100 × 0.05
A
= (20)χ
= (25)χ Oe
0.25
cm

(2.8)

HT o ∼ χ
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χ varies depending on the distance h from the coils, which is outlined in figure
2.6. For the distance of h = RT , χ ∼ 12 , therefore HT = 12.5 Oe. The magnetized
particles generate a magnetic field HR , which can be read back by the receiver coil
. then, φ can be seen as,
using Faraday’s Law, VR = − dφ
dt

φ=B·A

Z
φ = µo NR

(2.9)

~ r )M
~ (r)dV
G(~

(2.10)

~
~ r) = Himage
G(~
Iimage

(2.11)

~ r) is a geometrical imaginary function used in the Reciprocity Theorem to
G(~
~ r) ∼
draw equivalency between a magnetic sample and a coil. G(~

NR χ
,
RR

RR is the

radius of the receiver, so, for NR = 100, NR = 2.5 mm , and χ = 21 , the geometrical
imaginary function is,
1
~ r) ∼ 100 × 2 = 100 1
G(~
0.25
cm

(2.12)

Now we have,
Nr χ
φ = µo
RR
R

Z
M dV

(2.13)

M dV is the total magnetic moment of all the particles oriented along the

imaginary field by the receiver coil. The voltage coming from the receiver VR is
denoted as

VR = −

dφ
µo Nr χ dm
=
dt
RR dt
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(2.14)

where,
dm dHT
INT
dm
=
= χωHT o · cosωt = χω
cosωt
dt
dHT dt
RT
Here, the sussceptiblity of MENPs, χ =

VR =

dm
.
dH

(2.15)

So,

µo NR NT χ2
ψωIcosωt
RR RT

(2.16)

To calculate χ properly, assume all MENPs are aligned along the field (HT o =
12.5 Oe ∼ 10 Oe for I = 50 mA). Given the surface of 5 × 5 mm2 covered by
MENPs separated by a distance of 0.1µm. The magnetic moment of that surface
would be m ∼ (5 · 104 ) · 10−5 ∼ 2.5 · 10−6 emu, the value 10−5 is the moment of a
single particle. Then,

1 2.5 · 10 − 6
emu
10−3 A · m2
dm
∼
= 1.5·10−8
= 2.5·10−8
≈ 3·10−13 m3 (2.17)
A
dH
10
10
Oe
80 m
Finally, plugging the numbers back to VR with µo = 4π · 10−7 H
, I = 50 mA,
m
ω = 2πf = 1 GHz, NR = 100, NT = 100, χ = 12 , RR = RT = 2.5 mm, ψ = 3 · 10−13
m3 , and mo = 10−15 emu (moment of one MENP). Then,

VRo ∼

12 · 10−7 · 104 · 0.25
· 3 · 10−13 · 6 · 109 · 5 · 10−2 = 37 × 10−3 V = 37 mV (2.18)
−6
7.25 · 10

Note that the voltage from the receiver is a function of frequency, higher frequencies generate larger voltages. At 10 MHz, VRo ∼ 370 µV and at 1 GHz, VRo ∼ 37
mV . This calculation shows that micro volts can be generated using an inductive
coil when near magnetic samples, confirmation of these theoretical calculation will
be seen as this dissertation discusses the characterization of inductive coils used for
recording experiments in chapter 3.
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Figure 2.7: Illustration of a high-anisotropy particle motion under application of a
two-step field cycle. During the first half-cycle, a uniform DC field is applied with a
strength above the coercivity of the particle; during the second half-cycle, a gradient
field in the reversed direction is applied with the maximum value below the coercivity
field. The half-cycle time is equal to τ /2, where τ is the time it takes for the particle
to rotate in its microenvironment by about 180 degrees. The particle simultaneously
rotates and moves along the gradient toward the minimum-field point.

2.2.2

Physics of 3-D Navigation via Metastable Diamagnetic Response

Three-dimensional (3D) navigation of magnetic nanoparticles, including MENPs
owing to the magnetic component, is particularly important for medical applications where the nanoparticles are used for targeted drug delivery, cellular stimulation deep in the brain, or high-contrast imaging. However, delivering nanoparticles
to any point in a 3D space is a challenge. Traditionally, magnetic nanoparticles,
whether they are ferromagnetic or ferrimagnetic in a non-superparamagnetic or superparamagnetic state, are transported via application of magnetic field gradients.
Effectively paramagnetic, these nanoparticles always move towards a higher magnetic field value. However, according to the Laplace’s equation, a magnetic field
cannot have its maximum values anywhere away from its effective sources. Consequently, according to this traditional approach, the only way to navigate magnetic
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Figure 2.8: Illustration of a low-anisotropy particle motion under application of a
two-step field cycle. During the first half-cycle, a uniform DC field is applied with a
strength above the coercivity of the particle; during the second half-cycle, a gradient
field in the reversed direction is applied. The maximum field in the second half-cycle
determines the spin relaxation time, τ . The particle does not rotate and only moves
along the gradient toward the minimum-field point.
nanoparticles to an arbitrary point in a 3D space would be to employ the fourth
dimension of time through an image-guided negative feedback loop, e.g., using magnetic resonance imaging (MRI) or magnetic particle imaging (MPI) to close the
loop [83]. In this case, specific field gradients are applied for a period of time
required for the image-guided nanoparticles to reach a desired location. Although
ideally feasible, because of many technical challenges associated with time-controlled
image-guided navigation, this approach has severe limitations in both spatial and
temporal resolutions. For example, if using this approach to navigate magnetic
nanoparticles to any point deep in the brain, it would be difficult to achieve even a
1-mm spatial resolution. A spatial resolution on the order of a few microns or better
is required to achieve a navigation control at a single-neuron level. In generation,

35

with regards to the applications in the broad area of neurodegenerative diseases,
such a high-precision navigation control could open a pathway to treating the brain
at a single-neuron level and pinpoint treatment of Alzheimer’s Disease, Parkinson’s
Disease, Autism, and many others.
Hence, we have solved this problem theoretically using metastable physics and
demonstrated in neural cell culture. According to the metastable physics, MENPs or
any magnetic nanoparticles with a ferromagnetic or ferrimagnetic composition could
be transformed into metastable nanostructures with a negative magnetic susceptibility through matching of the magnetic moment relaxation time to the frequency
of external magnetic field pulses. Because diamagnetic nanoparticles move towards
smaller fields, the transformed metastable and effectively diamagnetic nanoparticles
could be navigated to any point in a 3D space via application of magnetic field
gradients. In turn, it is straightforward to create magnetic field configurations with
a minimum value at any arbitrary point in a 3D space. Indeed, such metastable
systems have been demonstrated to provide a 3D localization of magnetic nanoparticles with a spatial resolution of 100 um [84]. They used a shape induced magnetic
anisotropy to provide the metastable diamagnetic state. We have theorized and
demonstrated on neural cell culture a further improved version which uses magnetocrystalline anisotropy (instead of the shape anisotropy) to further improve the
spatial resolution down to the sub-50-um size range. The latter is feasible because
of the finer controlled magnetocrystalline anisotropy of MENPs compared to the
shape anisotropy.
Again, the key is to create metastable magnetic nanoparticles with a diamagnetic
response so that MENPs can follow trajectories towards the point with the minimum
value of a 3D magnetic field profile. The symmetry of this system for focusing
nanoparticles in a selected region (neuron) can be adopted. In this case, the location
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of the minimum field point is a function of six currents driven through the six
electromagnets, respectively. The spatial resolution of the described navigation
control depends on the mechanical stability of electromagnetic coils and the control
precision of the electric currents through the coils. The resolution could be improved
by increasing the number of coils and optimization of their radii for each particular
application. Optionally, the resolution could be significantly improved by providing
a negative feedback loop through image-guided control with MRI.
It is possible to implement several independent approaches to create MENPs with
metastable diamagnetic cores. According to one approach, the magnetic cores would
be made of a high-anisotropy material, e.g., L1 0-phase nanostructures, Co-based iron
oxides, etc. If such high anisotropy nanoparticles are first saturated in a more or less
uniform field of higher than their coercivity value in a certain orientation, then if a
magnetic field gradient pulse with the highest field of less than the coercivity value
is applied in the opposite orientation, there will be an intermediate time interval
during which the nanoparticles will be effectively diamagnetic. This intermediate
interval is defined by the time it takes for the nanoparticles to physically rotate
180 degrees, which in turn depends on the friction force due to the interaction of
the nanoparticles with the microenvironment, whether it is blood, lymph, tissue,
etc. If the intermediate interval matches the duration of the magnetic field gradient
pulse and if the sequence of the application of the two oppositely oriented fields is
cycled, then the nanoparticles would be moving toward the minimum field point, as
illustrated in figure 2.7. Although this approach works in theory, its implementation
is challenging considering the strong dependence on the microenvironment.
A more practical approach would be to use MENPs with the magnetic core
made of a relatively low-anisotropy material. For such nanoparticles, the magnetic
moment is relatively weakly coupled or not coupled at all to the crystallographic
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and shape orientations. In this case, to create a metastable diamagnetic state,
the following periodic magnetic field sequence can be applied, as shown in figure
2.8. Each cycle consists of two parts. During the first part, the nanoparticles are
saturated in one orientation via application of an external field for a period of time
above the characteristic spin relaxation time, τ . Then, a field is reversed. At this
moment, the nanoparticles are effectively diamagnetic for a period of time below τ .
During this second part, the applied magnetic field should have a spatial gradient
to push the metastable diamagnetic nanoparticles towards the minimum field point.
Recently, it has been proven that the spin relaxation time significantly increases (by
orders of magnitude) as the particle size is reduced below approximately 5 nm. The
relaxation time can be as large 1 ms or even higher. For the metastable nanoparticles
to exist, the cycles should be maintained with a period defined by the relaxation
time.

2.3

Current Magnetic Field Measurement Technology

There are many tools available today to measure magnetic materials and their magnetization values to acquire a proper BH/MH loop otherwise known as a hysteresis
loop. The top characterization tools are vibrating sample magnetometer (VSM),
Alternating gradient magnetometer (AGM), superconducting quantum interference
device (SQUID), Giant magnetoresistance (GMR) and tunneling magnetoresistance
sensor (TMR), and Optically pumped magnetometer. In the following sections these
tools will be discussed in detail.
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Figure 2.9: Illustration of Alternating Gradient Magnetometer (a) and Vibrating
Sample Magnetometer (b).
Vibrating Sample and Alternating Gradient Magnetometer
Vibrating Sample Magnetometer: VSM and AGM are very similar systems,
they use the same mechanics but measure signals at different ends of the system.
First, we will start with VSM, this tool vibrates the magnetic samples inside a
uniform DC magnetic field next to magnetic detection coils to induce a voltage
on the coils. The sample that is magnetized by the magnetic field will generate a
magnetic field of its own. This self-induced magnetic field is linearly correlated with
the magnetization, a large magnetization will induce a large magnetic field. This
magnetic field will then induce current on the detection coil, ultimately, creating

39

larger voltage for highly magnetic materials. This is better illustrated in figure 2.9b,
the grey electromagnets create a uniform magnetic field, this field then magnetizes
the magnetic sample in blue. While the magnetic sample is vibrating, caused by
the mechanical actuator on top, the detection coils will induce a voltage V from
the change of flux φ by the field B created from the magnetized sample [85]. These
values are also described in the equation below.
ZZ
φ(t) =

Bx (xcoil , y, z(t))dydz
coil

v∼

dφ
dt

The vibrating sample magnetometer is a great tool for magnetic characterization,
it is versatile, and is suitable to conduct temperature dependent measurements to
gain an understanding of magnetic material’s curie temperature point(s), that are
vital to fully characterize magnetic materials. VSM measurements can be performed
from 2K to 1,273K using cryostats and furnaces. Magnetic field ranges to as high
as 16 T if using superconducting magnets or as high as 3.4 T using conventional
electromagnets with a cooling system. VSM can achieve a resolution of 1 µemu or
1014 µB
Alternating Gradient Magnetometer: AGM, similar to VSM, uses vibrating mechanisms to measure magnetization. Although in this case, AGM vibrates
the sample with similar coils used in VSM, in VSM systems these coils would be
used to detect magnetic signal. In figure 2.9a, these coils are illustrated as orange,
these coils generate an AC field gradient that moves the sample that is magnetized
by the DC magnetic field generated by yellow electromagnets illustrated in figure
2.9a. Now, for AGM, a large force from the magnetic material is generated from the
coil’s magnetic fields. This force is read by a piezoelectric sensor attached to a rod
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Figure 2.10: I-V plot characteristics of a SQUID device. I0 is the maximum current
without voltage drop, Ib is the bias current, φ0 is a single flux quanta, and n is the
number of flux quanta [83].
that is holding the sample. The piezoelectric sensor turns the motion (force) into
voltage, reading larger values with higher magnetization. Below a simple equation
is used to express the force coming from the rod that is read by the piezoelectric,
where m is the total magnetic moment, B is the magnetizing field, and b is the
gradient field [86]. The piezoelectric piece is connected to an amplifier reading the
signal at the same frequency the coils are creating the AC magnetic field. AGM
systems are more sensitive than VSM systems, being able to read signals as low as
1 nemu or 101 1 µB . However, AGM has a harder time implementing temperature
dependence compared to VSM, typically, less versatile and delicate.

Fz = mz (BZ )

dbz
dz

Superconducting Quantum Interference Device
SQUIDs use the lossless properties of superconducting materials to read the induced
current coming from a change of magnetic flux. This induced current is then con-
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verted into a voltage which can be read to correlate with magnetization. The SQUID
consists of two superconducting Josephson junctions that can detect extremely small
magnetic fields. The SQUID takes advantage of the quantum properties of superconductors that allow for current to flow without any voltage drop up to a certain
current value. For magnetometry, the SQUID devices are biased with a current, then
changes in magnetic field produce a voltage drop across the squid. This voltage drop
is a non-linear periodic function of the applied magnetic field, seen in figure 2.10,
with a periodicity of one flux quantum, φ0 = 2.07 × 10−15 T m2 [87]. To convert this
non-linear function to a linear function, a negative feedback flux is applied to the
SQUID to keep the total flux constant. With this flux loop, the magnitude of the
flux is proportional to the external applied magnetic field. This mechanism allows
for SQUIDS to read minute changes in flux, allowing for a sensitivity as low as 1 fT.
Along with VSM, SQUID is perfect to investigate temperature dependence from as
low as 2 K up to 1000s of Kelvin.

Giant and Tunneling Magnetoresistance
Magnetoresistance (MR) sensors use the quantum mechanical MR effect observed
in thin film structures illustrated in figure 2.11. This structure consists of two
ferromagnetic layers alternated by either a non-magnetic metal for GMR sensors or
a thin tunneling barrier for TMR sensors. The structure illustrated in figure 2.11a
is known as a GMR device, then this device show a significant decrease in resistance
when a magnetic field is applied it is known as the MR effect. The basic theory
behind this sensor is when a magnetic field is applied to the sensor the ferromagnetic
layers behave described in figure 2.11c, the ”parallel orientation. While there is no
magnetic field applied then the ferromagnetic layers behave described in figure 2.11d.
While in the parallel orientation a current passing through the structure will easily
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Figure 2.11: Illustration of (a) GMR sensor (b) TMR sensor (c) sensor in parallel
orientation and (d) sensor in anti-parallel orientation
pass through. The electron’s spin from the applied current mostly align or polarize
to the same direction of the first ferromagnetic layer. When it passes through the
non-magnetic metal some of the spin polarization is maintained, then passing to the
next ferromagnetic layer, which is meet with no scattering due to that layer being
magnetized in the same direction, creating a ”low resistant state”. Inversely, in
the anti-parallel orientation, the spin polarized current will pass through the metal
barrier to meet a ferromagnetic layer magnetized oppositely to itself. This creates
significant scattering and causes the structure to enter a ”high resistant state”. The
equation that denotes the ratio of MR is shown below, where RAP is resistance in
the anti-parallel state and RP is the resistance in the parallel state.

M Rratio =

RAP − RP
RP
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GMR sensors show MR value changes of up to 5 - 50% [88]. GMR sensors use a
thick metal as the barrier between the two ferromagnetic layers. TMR sensors on the
other hand use a thin tunneling barrier, typically Aluminum Oxide or Magnesium
Oxide, as the barrier between the two ferromagnetic layers. With a thin tunneling
barrier the MR values of TMR sensors increase to greater than 100 % [89], this effect
is mostly contributed to the tunneling barrier maintaining a higher percentage of
spin polarized current after leaving the ferromagnetic layer. TMR sensors can detect
fields as low as 0.1 Oe and can be used to characterize some magnetic materials.
MR sensors do not have a large dynamic range as they will easily be saturated by
medium fields (>100s Oe). These devices can be used to explore passive recording
of smaller magnetic signals instead of full characterization of magnetic materials.

Optically Pumped Magnetometers
OPM are a relatively new emerging technology, developed to replace the superconducting MEG systems (discussed in chapter 1). MEG systems typically use SQUIDs
to read magnetic signals coming from the brain, having to use cryogenic temperatures to achieve senstivie measurements. OPMs on the other hand, do not require
cryogenic cooling and can be placed millimeters away from the head by sitting on
top of the scalp. OPM instead rely on manipulation of the electron’s spin, similar to
MRI, it relies on magnetic resonance to read minute magnetic fields. These devices
use optical pumping from a laser source to cause absorption or emission of energy of
a sample [90]. Optical pumping has shown to induce a magnetically sensitive state
in an atomic system therefore allowing to measure weak magnetic fields. OPMs
achieve these measurements by using two lights sources, typically lasers, one for
inducing the magnetically sensitive state (pump beam) and the other for measuring
changes in the magnetic field (probe beam). The probe beam is typically linearly
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polarized. While the pump beam induces a sensitive magnetic state at a certain
area and the probe beam is in the presence of a magnetic field, the polarization of
the probe beam rotates that is proportional to the state of the area being measured.
OPMs can achieve sensitivities of fT and is an ideal technology for investigation on
the brain, without the use of surgery and cryogenic cooling.
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CHAPTER 3
DEVICE DESIGN AND CHARACTERIZATION
MENPs have ideal properties to stimulate and record neural activity, as discussed
in Section 1.1.1. Proper devices must be developed to read and activate MENPs to
properly apply to neural experiments. This dissertation will deal with neural cell
culture and in-vivo mice brain experiments, to validate the ability to stimulate and
read neural activity with MENPs.
Two different types of MENPs are developed for these experiments. One type
developed for reading neural activity optimized with a strong magnetic moment to
ensure the best signal out of the smallest amount of particles while still having a
sufficient ME coefficient. Moreover, this strong magnetic moment is used to properly
guide the neurons to a specific location using magnetic field gradients. The other
MENPs are optimized for stimulating, where the ME coefficient is more important
than having a large magnetic moment. When used together, both types of MENPs
can be used to stimulate and record signals from neurons.
In the following sections, this dissertation will discuss the characterization and
optimization of the devices developed for reading, stimulating, and localizing MENPs
inside neural environments. Characterization of the MENPs themselves are only
talked about briefly (in chapter 1). Although these nanoparticles have been studied
in detail in Khizroev’s group, colleagues who work closely with the nanoparticles
will discuss in more detail the developments found for these particles as they write
their work [13][91].

3.0.1

Writing Signals with MENPs

In order to properly stimulate cells with MENPs the correct magnetic fields and
frequencies (DC to high frequency) are needed, this is discussed in more detail in
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chapter 4. These magnetic fields are not difficult to generate, and technology exists
today to generate these fields. Various types of fields can be generated with electromagnetic coils, adjusting the field’s strength by varying the power with amplifiers.
The difficulty comes with designing the magnetic sources around the optical microscope that will be used to image the neurons to properly detect excitation. The
best way to optically observe neural firing is by modifying the neuron to fluoresce at
specific wavelengths. This can be done by genetically modifying the neuron with a
genetically encoded calcium indicator (GECI). These GECI change in light intensity
when calcium ions move around it. One such GECI is GCaMP, a state of the art
single wavelength GECI [92]. Another method is to label the neurons with a highly
sensitive fluorescent dye that behaves in the same as GCaMP and detects changes
in amount of calcium ions. This dye is known as Cal-520, which is a BAPTAbased fluorescent calcium indicator with high SNR in neocortical pyramidal cells
and cerebellar Purkinje cells. In the absence of calcium ions, photo-induced electron transfer from the calcium ions chelator quenches fluorescence of the conjugated
fluorophore. As calcium ions levels rise this phenomenon is inhibited, resulting in
a change in fluorescence intensity [93]. Although both GCaMP and Cal-520 were
used on the experiments in this dissertation, Cal-520 is preferred in the experiments
in this dissertation because it can be added after the neural cell culture has fully
grown. This allows for more versatile experimentation, adding the dye whenever it is
necessary (reading experiments don’t always need calcium indicators). Additionally,
the specific wavelengths needed for Cal-520 emission were readily available in the
lab. Cal-520 has similar excitation/emission wavelength to a common fluorescent
dye Fluorescein isothiocyanate or FITC. The excitation and emission wavelengths
for GCaMP and Cal-520 can be seen in figure 3.1 and 3.2 respectively. Cal-520
is excited with blue light and emits a green light. While, GCaMP is excited with
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Figure 3.1: Excitation and Emission wavelengths for GCaMP6.

Figure 3.2: Excitation and Emission wavelengths for Cal-520
lower wavelength blue light and emits a similar green wavelength. This light can be
seen using a fluorescent microscope by emitting the specific excitation wavelength
light, once excited a filter is added to filter out all other wavelengths other then the
correct emission wavelength. When a neuron fires both GCaMP and Cal-520 will
increase in light intensity, this can later be analyzed by software to have a better
understanding of action potentials coming from the neuron.
The microscope used throughout the dyed fluorescent neural cell culture experiments was the Nikon Diaphot. This microscope was ideal due to its capabilities
to image different types of fluorescent dye, while also having a stage with enough
room to allow for different magnetic sources. The different size range of holes can
be adjusted on the stage to allow for more room, this can be seen in figure 3.3. The
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Diaphot is an older microscope that was developed before scientific cmos cameras
were popular. In order to connect a high-resolution high-speed camera an adapter
is added to fit the newer c-mounts available on modern scientific cameras. This
adapter allows new scientific cmos cameras that are high speed and capture at high
resolutions to be connected. The camera that was chosen is Thorlabs Kiralux 5 MP
(CS505MU). This is a relatively cheap camera with high frame rate (up to 200 fps)
and high resolution (up to 2448 x 2048). The most important specification of the
camera is the quantum efficiency, the parameter that dictates how efficient a cmos
sensor can transform the photons it measures into voltage. Because Cal-520 emit
low light intensity, quantum efficiency is important, in order to capture the most
light out of fluorescent emissions. This microscope was used to properly image the
fluorescent light changes coming from the GECIs used in neural experiments.
Different generations of magnetic sources were designed for stimulation experiments. The key factors behind designing magnetic sources around an optical microscope are magnetic field strength, magnetic field uniformity, and magnetic field
direction. Originally, it was thought that a magnetic source (electromagnet) could
easily be applied next to the neural culture to apply a magnetic field. This simple design can be seen in figure 3.4. This design has high magnetic field strength
(around 400 Oe AC), but the lack field uniformity. This design has large magnetic
gradients that cause the particles to move towards the magnet. Preliminary experiments with the first-generation source observed that particles would move when the
magnetic field is turned on. A magnetic source with better field uniformity needs
to be designed to avoid magnetic field gradients that cause particle motion.
The second generation of magnetic source consists of a pair of coils used in the
Helmholtz orientation (figure 3.5). Otherwise known as a Helmholtz pair, these
pair of coils easily generate fields with high uniformity. The issue with this setup

49

is that with the current spacing of the coils it cannot generate adequately high
fields needed to properly excite MENPs. The power applied to the coils can be
increased to generate the correct fields, coincidentally it will heat up the magnetic
wire and cause issues with burning. The heating caused significant issues when
running preliminary experiments with the second generation of magnetic source.
The third generation of magnetic source explores the use of a magnetic ferrite
core in the middle of the Helmholtz pair. As seen in figure 3.6, the ferrite core
was created as a ”C-frame” electromagnet, a popular choice to maximize magnet
field, the ferrite core can be seen as a magnetic ”conducting” wire. The ferrite core
extends the magnetic field up to its tip, showing similar magnetic field on the tip of
the ferrite core as found inside of the coil. To get a sufficient magnetic field the C
frame of the ferrite core needs to have minimal spacing (< 2cm). This immediately
became a problem, most neural cell culture dishes having diameter of 2 cm. As a
result, from characterization this magnet source can be used, but only to stimulate
a certain area in the cell dish.
After preliminary experiments with the third generation, it was noted that the
best possible orientation for the magnets is not along the plane of the cell culture,
instead, fitting them out of the plane as seen in figure 3.7. This configuration
allows for the two pair of coils to sit as close as possible to each other while still
maintaining a high field uniformity with the Helmholtz pair. To properly fit these
magnets out of plane, the magnets had to be fitted around the optical objective lens
of the Nikon microscope, this is depicted in figure 3.7c. The electromagnetic coils
are connected to a waveform generator (Digilent Analog Discovery 2), which is a
digital oscilloscope/waveform generator able to create different waveforms digitally
with high digital precision. The power coming from the Digilent Discovery 2 alone is
not enough to produce large magnetic fields that are needed for these experiments.
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Therefore, the Digilent was connected to a power amplifier (Behringer Europower
EP4000 4,000-Watt Power Amplifier). This power amplifier supplied more than
enough power to generate large magnetic fields. Although, if too much power is
applied to the electromagnetic coils they quickly heat up, similar to generation 2,
causing issues with melting and possible shorting of the wire due to wire insulation
melting off. This fourth variation of magnetic source has the highest magnetic field,
while also still having enough room to fit the neural cell culture within the uniform
field.
With generation 4, multiple experiments were conducted to stimulate neural cell
cultures. Each dish has multiple parameters tested on thousands of different neurons. Each parameter consists of 1-5-minute videos on a specific area of the neural
cell culture. One the most widely used software for optical microscopy and fluorescent imaging is Nikon’s NIS Elements. This software allows for measurements
in time of the intensity of the light coming from the neurons dyed with Cal-520 or
modified with GCaMP6. The software is capable of manually selecting neurons for
light intensity analysis. At first, during preliminary experiments, this was a sufficient method to analyze the light intensity coming from the neurons. Quickly, as
more data was taken on even denser cell cultures, manually looking at each neuron
on various cell dishes quickly became a tedious task. Currently, there are commercially available software that will analyze, automatically, each neuron on the video
file. These neural analysis software are quite expensive, luckily modern open source
software has reached a point where it can be used in research. This open source
peer reviewed neural analysis software is known as CaImAn, an open source tool for
scalable calcium imaging data analysis. CaImAn uses machine learning to analyze
the intensity coming from a neural cell video, then uses machine learning techniques
to neglect neurons that do not fire, while keeping the most active neurons for fur-
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Figure 3.3: Image of Nikon Diaphot metal insert for different size openings. Used
to apply magnetic sources near neural cell culture.
ther analysis. Commercially available software is ready to run for many neural
applications and can be adjusted by the developers to meet specific experimental
parameters. CaImAn was designed to be used for in-vivo measurement of mice that
could potentially be moving due to slight animal physical movement. Signals from
the neurons of mice are similar to neural cell culture, therefore with small modifications of the internal code the software can be used for neural cell experiments [94].
As an open source software, no company was available to modify the code for neural
cell experiments. Luckily Elric Zhang (a member in the lab) changed and modified
all the code to work for these specific experiments.
The fully adjusted Nikon Diaphot with the CaImAn software is the best fit for
investigations in neural cell culture. This combination of microscope and analysis
software efficiently allows for the investigation of MENPs in neural cell culture and
is designed to be versatile to include as many parameters as possible for experimentation.
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Figure 3.4: Image of Nikon Diaphot with simple magnetic source setup. Red line
indicated direction of applied magnetic field (H)

3.0.2

Localizing MENPs

Two-Directional MENP Navigation
Strong magnetic field gradients are needed to properly navigate MENPs through
either neural cell media or brain tissue. The obvious solution is to use an array of
magnets to pull the particles into a certain region. In this dissertation, 2 separate
magnetic sources are used to investigate how to properly move the magnetic particles, these sources are seen in figure 3.9. In this case only one magnetic source will
be turned on at a specific time. To navigate the particles towards the ”left” direction the red gradient magnet seen in figure 3.9 is turned on. Inversely, to navigate
the particles towards the ”right” side, the red magnet is turned off while turning on
the green magnet. Contrary to the magnetic sources used for stimulating neurons
with MENPs, a strong magnetic gradient is necessary to properly move magnetic
particles. A strong uniform field will align the particles to the magnetic field but will
keep the particle still at its current location. This allows for the particles to move
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Figure 3.5: Image of Nikon Diaphot with uniform magnetic source setup: Generation
2. Red line indicated direction of applied magnetic field (H)
easily through media, such as cell media, water, tissue, or even ethanol. These types
of experiments cannot be done in air. Each liquid solution is viscous enough to slow
down the particles moving toward the magnet. This allows time for the particles to
move towards the magnet slowly, if left only in air they will quickly jump towards
the magnet not giving enough time to navigate the particles properly.
In figure 3.8, an experiment with one magnetic source pulling particles to a
particular direction is shown. In this experiment, a cluster of nanoparticles are
moved inside a neural cell culture. Single nanoparticles are extremely hard, if not
impossible, to see with just an optical microscope. Methods such as fluorescent
imaging can be used to properly see nanoparticle movement. If SEM is not possible,
fluorescent dye can be conjugated to the nanoparticles to properly see smaller details
in the nanoscale, for now optical imaging is used. In figure 3.8a the target neuron
is indicated by the red arrow, and the nanoparticle cluster being moved is indicated
by the blue arrow. In the rest of the frames in figure 3.8(b-f), the blue dot indicates
where the nanoparticle cluster originated from. Each frame is 2 seconds apart, after
6 seconds of magnetic source field gradient application the particles reached the
target neuron. At this point the magnetic source is turned off, and the nanoparticle
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Figure 3.6: Image of Nikon Diaphot with uniform magnetic source setup with
stronger magnetic field strength : Generation 3. Red line indicated direction of
applied magnetic field (H)
cluster stays in place. This successfully shows movement of magnetic nanoparticle
clusters in one direction with enough precision to move from one neuron to the next.
Now, adding another magnetic source the nanoparticles cluster can move in 2
directions. Another magnetic source was added opposite to the initial magnetic
source as seen in figure 3.9. Initially one magnetic source was turned on while
keeping the other one off, and vice versa. In figure 3.10, a summary of the path
that was taken for the nanoparticle cluster is shown. The nanoparticle cluster was
navigated towards three total paths, stopping at three different neurons. Path (a)
in figure 3.10 can be seen in more detail in figure 3.11, showing time lapse frames
of different seconds in the experiment. Path (a) shows the initial movement of
the nanoparticle cluster toward the targeted neuron indicated as a red circle in
figure 3.11. The full time lapse until the nanoparticle cluster reaches the targeted
neuron is about 2 seconds, and just like figure 3.8, the blue circle denotes where
the nanoparticle cluster originated while the red arrow shows its current position.
This nanoparticle cluster is then kept on the neuron for about 2 seconds, until the
magnetic source is turned on again to move toward the second targeted neuron. In
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Figure 3.7: Image of Nikon Diaphot with uniform magnetic source setup : Generation 4. Red line indicated direction of applied magnetic field (H). a) Wide view
of the full microscope/magnetic source setup, b) close up to the top of the stage to
show clearance for the cell culture dish, c) Close up to the bottom of the stage to
show design of magnetic around the objective lens.
figure 3.12, the path toward the next targeted neuron is shown. The same shape
designations are used, this whole process took about 8 seconds due to the neuron in
path b being four times as far in distance at the last one in path a. The nanoparticle
cluster is kept at this neuron for the same amount of time (2 seconds), until pulled
again towards path c. In figure 3.13 path c is shown in better detail, this time after
keeping the nanoparticle cluster on the neuron for 2 seconds, the other magnet is
turned on in order to move towards the third targeted neurons. Again, just like
the last figure, the circle denotes the origin of the nanoparticles while the red arrow
denotes the current position of the particle.
This method to navigate nanoparticles around can be extrapolated into a 3 directional method, possibly adding 6 total magnets in order to achieve full 3-dimensional
movement. So far, this method is extremely experimental and shows promise, but
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Figure 3.8: Particles moving in one direction toward the magnetic source.
further development is needed to investigate if the magnetic source properly navigates single nanoparticles similar to nanoparticles clusters. Further experiments
with fluorescent dye conjugated to the nanoparticles with a setup that can control
multiple magnets at the same time should be implemented. With these experiments, an array of magnetic magnets can prove a viable method to move magnets
within neural cell culture and brain tissue. Coincidentally, another method using
metastable diamagnetic response of materials can be used to focus particles to a
specific point, rather than pulling them towards high gradient field magnets.
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Figure 3.9: Setup for two direction nanoparticles movement.
MENPs attached to glass micropipette
With the array of 3-D and 2-D magnets not fully developed for experimental procedure and meta stable diamagnetic response still in its infancy another method
is developed to adequately investigate local area with MENPs. To properly test
MENPs as close to the neuron as possible, the MENPs were attached onto a glass
micropipette. This micropipette was prepared by pulling up MENPs distributed inside of an ethanol solution with the micropipette itself. Then in order to only leave
a dense amount of MENPs on the tip of the micropipette, they were left hanging
downward seen in figure 3.15. As the ethanol solution evaporated, MENPs were left
lining the walls of the inner diameter of the micropipette. In figure 3.14 MENPs
lining at the bottom of both micropipettes are shown. In part b of figure 3.14 a
dark lining in the inner diameter of the micropipette is seen. This dark lining is the
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Figure 3.10: Particles moving in two direction toward the magnetic sources. Stopping on 3 neurons along the way taking paths a and b toward the right and path c
back to the left direction.
coating of MENPs left over from the ethanol/MENPs solution. Two different sizes
of inner diameter micropipettes are used to target different number of neurons with
MENP stimulation. In figure 3.15c & d, the small amount of MENPs collected on
the bottom of the micropositioner is shown. In figure 3.15d, the smaller diameter
micropipette has trouble collecting MENPs only on the bottom due to the small
inner diameter, regardless, there is still a large amount of MENPs lined on the tip.
Only the areas within the inner diameter of the micropipette is properly stimulated
with MENPs. In figure 3.14a a 0.25 µL with 100 µm inner diameter is shown. While,
in figure 3.14b a 1 µL with 400 µL inner diameter is shown.
These methods allow for full control of MENPs’ placement on neural cell culture.
Furthermore, attaching the micropipette to a micropositioner to precisely adjust
the position of the MENPs allows for further control of their placement. For these
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Figure 3.11: Timelapse of path (a) shown in figure 3.10

Figure 3.12: Timelapse of path (b) shown in figure 3.10
experiments, the micropipette needs to be adjusted in plane to the cell culture
(X and Y directions), but, also the height (or Z direction) needs to be adjusted
to properly hover over the neurons without damaging them (figure 3.17c). The Z
axis adjustment needs to have enough precision to allow for a smooth landing on
the neurons to ensure the neurons are not killed in the process. Just in case the
height was over adjusted, a hydraulic like system was developed so that if the Z
micropositioner was pushed passed the limit of the neural cell dish, then it will not
put too much pressure on the neurons (figure 3.17a, b, & c).

3.0.3

Recording Signals from MENPs

According to the Principle of Reciprocity, if MENPs can stimulate (”write”), they
can also record (”read”) neural activity. The main challenge in designing recording devices is because of the extensive signal loss with the distance away from the
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Figure 3.13: Timelapse of path (c) shown in figure 3.10

Figure 3.14: Bottom optical microscope image of the micropipette tips with different
sizes. a) 0.25 µL - 100 µm inner diameter b) 1 µL - 400 µm inner diameter.
head. Indeed, the magnetic field due to neural activity, without using any nanoparticles, is on the order of 100 fT. For comparison, with MENPs, according to our
theoretical predictions, the signal could be increased by at least three orders of
magnitude. Below, we discuss two major implementations of recording devices for
MENPs, based on passive and active mechanisms, respectively. The basic concept
consists of MENPs landing on different parts of the neuron as probes. When this
neuron generates an action potential, chemically it generates an electric field while
propagating through the neuron. This electric field is transformed into magnetic energy via the particle’s ME properties. This magnetic energy can then be read using
a variety of different measurement schemes., e.g, inductive coils, optical response,
and ferromagnetic resonance (FMR). Each of these methods have their advantages
and disadvantages, which will be discussed in detail in the following sections. The
theory will be discussed in further detail, with calculations and explanation on the

61

Figure 3.15: Demonstration of MENPs finalized preparation after leaving the
MENPs ethanol solution inside the micropipette overnight. Notice the tips of the micropipette are full of MENPs. a) Several 1µL micropipettes prepared with MENPs,
b) Several 0.25 µL micropipettes prepared with MENPs, c) close up of the 1µL
micropipettes with MENPs at the tip, d) Close up of the 0.25µL micropipettes with
MENPs at the tip.

Figure 3.16: a) Micropipette holder to create a probe to be held by the micropositioner setup, b and c) Close up of probe near neural cell culture.
physical dynamics behind recordings neural signals via MENPs. In the studies conducted in this dissertation, primarily, inductive coils were tested on both cell culture
and in-vivo mice. FMR and optical response were designed conceptually but not
tested experimentally.

Inductive Coil Design
The inductive coil system was designed in order to find small changes is magnetic
susceptibility. Different variations of the devices were developed depending on the
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Figure 3.17: a, b, and c shows the adjustment to the probe if the micropositioner
is forced to low to avoid to much pressure on the neurons. d) full microscope setup
with micropositioners used to localize MENPs in neural cell culture.
type of experiment conducted. This dissertation will go over the different variations
chronologically starting with initial development to the final system used on both
mice and cell culture in our partner laboratories in Indiana and California. The
device in figure 3.18 consists of three coils. The middle coil is used as a transducer
to generate an AC magnetic field along the central axis when a small AC current is
applied, while the two side coils are being used as a balanced detection pair. The
detection pair measures the net change of the magnetic flux due to the change of
the MENPs’ magnetic moments, when the nanoparticles interact with the nervous
system. From the left-hand side the first and second coil are wound clockwise, while
the last coil is wound counterclockwise; each having 100 – 150 turns. The center
coil is known as the transmitter, while the connected adjacent coils are known
as the receiver. The two side coils are connected in series so that the combined
electromagnetic fields (EMF) caused by the flux change in the coil’s system cancel
out if no sample is present. The connection of the outer coils in series allows for a
matching in inductance between the two coils, to allow for the cancellation of outside
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Figure 3.18: Diagram of a three coil Susceptibility Meter.

Figure 3.19: Actual implementation photos of a three coil Susceptibility Meter.
and inductive noise. With this device, measurements of a small amount of magnetic
material can be achieved. Specifically, in this dissertation small values of magnetic
moment such as those coming from micrograms of MENPs can be measured.
In figure 3.19 an early development susceptibility meter is shown. Early developments of these devices used between 0.5 - 4.5 Volts root mean square (RMS) in the
center transducer for the AC magnetic field. The actual devices consist of three coils
with 100 turns each, one of the detection coils is compensated ± around 20 turns in
order to reduce the background noise. The exact count is not known since the coils
are calibrated each time for testing, each time changing the amount of turns.
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Figure 3.20: Signal from Particles with Varying Voltage. Shows that as the voltage
is increased on the transmitter coil, the receiver coils induced voltage reading also
increases.
To properly characterize the device, both the frequency and the voltage was
swept in order to find optimal parameters to be used. Particles were placed on
the inside in between the transducer and one of the receivers. In figure 3.20 the
measured signal from ∼ 50 mg of particles are shown as frequency and voltage are
varied. In both cases as the voltage and frequency increases, so does the measured
signal. Sweeping the field further than 50,000 Hz at this point in development
caused the measurement to become extremely non-linear. Figure 3.21 shows the
non-linear signal while 50 kHz was surpassed. Eventually, this was fixed as cables
and inductance was matched to fit a wider bandwidth in the system.
In order to test and reduce the background noise, the device is connected to a
Signal Recovery 7295 Lock-In Amplifier. Using the Lock-In amplifier’s wave generator for the transducer and then connecting the ”in series compensated detection
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Figure 3.21: Non Linear Measurements Past 50 kHz from the inductive coils. Shows
limitations in the viable frequency range of the inductive coils.
coil” into the input of the lock in amplifier to read the signal coming from the detection coils. In order to compensate, one of the detection coils is kept loose to
add or remove turns while having feedback from the voltage given from the lock-in
amplifier. Typically, the amount of turns was reduced until there was a minimal
voltage, rather than added. Throughout this whole process the frequency was kept
at 100 kHz. Initially, the transducer’s frequency was swept from 100-50,000 Hz and
the detection coil signal ranged as low a micro volts. Later in development the range
was increased, and the signal was compensated further to nano volts.
It was shown that with cheap cables and poor compensation, the frequency sweep
was kept from 100 - 50,000 Hz for optimization. While the applied voltage to the
transducer was kept at 2.5 Volts RMS for the least amount of noise.
Originally it was thought that the signal from the particles alone would give
enough differential signal. Through experiments, seen in figure 3.22, the signal is
too small to show significance, even differentially. Although, past ∼25 kHz the
signals splits and the nanoparticle’s signal is large enough to see by eye.
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Figure 3.22: Signal with and without Nanoparticles. Proving there is a difference
in signal coming from the magnetic nanoparticles or MENPs
Subtracting both signals would essentially only give the signal coming from
nanoparticles. The blue line in figure 3.22 is the background noise that was not
compensated with the coil. While the orange line is the signal with the particles
placed inside of the coil. The result of subtracting the signal is shown in figure 3.23.
In order to properly see this effect, the measurement was then conducted with
varying weight of both Cobalt Iron Oxide (CoFeO) magnetic nanoparticles and
MENPs. These capsules were prepared by weighing the nanoparticles and then
pressing them inside a hollow plastic tube. The nanoparticles were kept inside of
the hollow tube being held by clay on both sides of the plastic tube (figure 3.24)
These measurements demonstrated that by adding more volume of either magnetic nanoparticles (also known as cores) or MENPs there is an increase in signal.
While this technology was developed, the MENPs were not optimal for reading applications, lacking in magnetic moment. Regardless, the signal coming from MENPs
should be a fraction of the magnetic nanoparticles shown clearly in figure 3.25. Fig-
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Figure 3.23: Differential Signal from Nanoparticles. The differential voltage coming
from subtracting signals from inductive coils with MENPs by signal without MENPs.
ure 3.25 also shows the linear proportion of volume of magnetic particles with signal,
the higher in volume of particles that are measured the larger the signal.

Magnetoelectric Capacitor Plate-Inductive Coil Measurements
Large capacitors plates are designed to be placed adjacent to the inductive coils
to generate large electric fields to measure the magnetization change from MENPs
with varying voltage applied to the plates. In figure 3.26a & b a diagram is shown of
the capacitor plates, the inductive coil systems designed in this figure are placed in
between capacitor plates that can generate >1000 V/m with application of 0-5000
V. The actual ME measurement system is shown in Figure 3.26 c & d. Similar
to the volume measurements of MENPs, these measurements are swept from 0 -
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Figure 3.24: Magnetic and Magneto Electric Nanoparticle Capsules by Weight. Used
to measure varying volumes inside inductive coils.
50,000 Hz. In figure 3.27 as the frequency increases so does the differential signal
coming from the inductive coils. More importantly, each color in this graph denotes
a different voltage application to the capacitor plate. Increasing the voltage causes
an increase in electric field around the inductive coils, due to the ME effect this
causes a change in differential signal because of the magnetization change from
electrically polarizing MENPs. Figure 3.27 shows a decrease of signal as the voltage
is increased to the capacitor plates. In figure 3.28 shows clearly how there is an
inverse dependence from these experiments, this figure shows that at three different
fixed frequencies, as the voltage on the capacitors increases the signal decreases.
These characterization results prove that inductive coils are sensitive enough to
detect minute changes in magnetization from MENPs. Moreover, these coils not
only have the ability to read minute fields coming from a small volume of MENPs,
but also have the ability to read minute changes in magnetization from application
to varying electric field strengths from the same amount of volume. A theoretical
analysis of the inductive coils is discussed briefly in the next section and in more
detail in the results section (chapter 4) of this dissertation. These experiments
demonstrated that this device can functionally read small changes in magnetization.
These minute changed in magnetization due to electric field can be extrapolated to
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Figure 3.25: Signal from Varying Weight of Magnetic and Magneto Electric
Nanoparticles from different capsules shown in figure 3.24.
local electric field generated by neurons in cell culture. Using MENPs these electric
field can be transformed to magnetic field change which can be read using inductive
coils.

Microfabricated Planar Coil Design
The microfabricated planar coils, are designed for cell culture media only. It consists
of a micro-photolithography process completed inside a cleanroom. Using deposition
techniques such as E-Beam evaporation and Sputtering, inside a cleanroom, flat
micro sized coils can be achieved to conduct experiments on neural cell culture that
have been grown on top of the coils. Here, the design and production of such coils
will be discussed.
Different sizes and spacing can be achieved and is only limited by the light
wavelength limitation and photoresist characteristics. In this particular case, the
photolithrography process worked for as low as 25 µm coil spacing and wire width
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Figure 3.26: a) Top view of the diagram of an ME capacitor plate-inductive coil
measurements system. b) Side view of an ME capacitor plate-inductive coil measurements system. c) Top view of an actual implementation ME capacitor plateinductive coil measurements system. d) Side view of an actual implementation ME
capacitor plate-inductive coil measurements system.
(figure 3.32: Top). A larger design, achieving coil spacing width of 100 µm and
coil wire width of 100 µm were also demonstrated. Each of these designs have 50
turns on each coil. The middle coil, similar to the inductive coils, is considered as
the transducer. While the side coils are the receivers, also counter rotated to each
other for noise/inductance cancellation. The first layer (figure 3.29) starts with the
bottom electrode. A thin layer of photoresist is used in order to create the pattern
for the bottom electrodes to start the photolithographic process. The pattern can
be seen on the right side of figure 3.29 or the top view. This layer defines the size
and spacing of the planar coils. Once the photolithography layer has the pattern
of the coils, a layer of Titanium (∼300 nm) is deposited via E-Beam Evaporation.
Once the deposition is finished, acetone is used to strip the photoresist, revealing
only the pattern of the coil with the Ti pattern seen in figure 3.34.
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Figure 3.27: Signal from Inductive coils as the frequency is swept with varying
voltage applied to the capacitor plate. A decrease in signal is seen as the voltage is
increased.
The second layer is an insulation layers used to insulate the top and bottom
electrode from each other. The photolithography process for layer 2 is the same as
layer 1, but with a different pattern for the insulation box in between the center
of layer 1. For this layer a mask aligner is used to precisely align the two patterns
together with micrometer precision. This insulation layer is crucial to properly
connect the top electrode to the center of the bottom electrode. Due to this design
of planar coils, the top electrode is connected to the middle of the bottom electrode.
The planar coils are located on the perimeter of the bottom electrode. If the bottom
electrode is not properly insulated from the bottom electrode it will short with each
of the coil winding found on the perimeter of the bottom electrode. The thickness
and composition of this layer is crucial because the insulation needs to be thick
enough to insulate properly, but not too thick that it will be hard to deposit the
top electrode layer on top of the thick insulation layer. For this design, a thickness
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Figure 3.28: Signal from inductive coils keeping the frequency fixed and varying
voltage applied to the capacitor plate. Clearly shows the linear dependence of
magnetization change when varying voltage to the capacitor plates.
of just greater than 300 nm is deposited. The insulation of choice is Aluminum
Oxide (Al2 03 ), deposited either by E-beam Evaporation or Magnetron sputtering.
Because of the thick design of the insulation the best method to use is Evaporation,
sputtering deposits high quality materials, but takes significantly longer time to
deposit thicker films, around hours, while evaporation takes minutes.
The last layer of the planar coils uses the same technique as layer 1, and deposits
around 400 nm of titanium in order to cover properly the bottom electrode and
insulation, also, having to use a mask aligner to align the two electrodes properly
on top of the insulation so that proper contact can be achieved with the bottom
and top electrode.
The result of these microfabricated coils can be seen in figure 3.34. These glass
wafers can be individually cut, giving multiple devices from one wafer. Once they
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Figure 3.29: Overall view of the first layer of the microfabricated planar coil Bottom Electrode.
have been cut (diced) into individual cells, a Cloning Ring or small glass cylinder
is glued on top of the electrodes seen in figure 3.33. This cloning ring is needed
to maintain the cell media that insured proper cell growth. In order to attach
the cloning ring properly, it needs to be attached with silicon grease, in order to
autoclave to keep the whole device sterile for cell growth.
Microfabricated planar coils can be used to measure the magnetic signal coming
from MENPs inside of cell culture. The advantage that planar coils have over the
inductive coils, are the spacing between the coils and the neural cells. Neural culture
can be grown right on top of the coils; therefore, a high sensitivity of signal can be
achieved. This design only works on neural culture, removing the ability for this
device to be scaled up to whole brain applications.
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Figure 3.30: Overall view of the second layer of the microfabricated planar coil Insulation.

3.0.4

Neural Cell Culture Preparation

Neural cell culture was prepared for both stimulation and recording experiments.
E18 Rat Hippocampus cells sourced from Brainbits LLC is grown with Nbactiv4
media. Two different densities of cells are grown, a “medium” density of 60,000
cells per cm2 used for stimulation experiments and a “high” density of 120,000 cells
per cm2 used for recording experiments. The high density is used for recording
experiments because cells from the hippocampus start to behave with spontaneous
electrical activity at higher densities [95]. The medium density is used for stimulation experiments to reduce the behavior of spontaneous electrical activity to
properly stimulate the cells with MENPs. The cells are prepared with two different
dishes: Corning 35 mm non-treated culture and Matsunami 14mm glass bottom
non-treated culture dish. Each of the dishes are coated overnight with 50 µg/mL of
Poly-D-Lysine (PDL), and then followed by a layer of laminin coating 3 µg/ml for
1-3 hours. The cell culture attaches to these layers and are grown attached to the
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Figure 3.31: Overall view of the third layer of the microfabricated planar coil - Top
Electrode.
bottom of the cell culture dish. All measurements are conducted at room temperature with media inside of the cell culture dish. Experiments last from 30 minutes
to 2 hours depending on the parameters of stimulation and recording used.
The fluorescent dye is prepared first before adding to cell culture. A dye stock
solution is prepared by adding DMSO with Cal-520 from AAT Bioquest to a final
concentration of 4.5mM and kept in -20C. Then 1.25 µL of the stock dye solution
is added to the cell culture for every 1mL of cell media, resulting in approximately
a final concentration of 5 µM. After the dye is added, the tagged cell culture dish
is incubated for 60 minutes inside a CO2 incubator and followed by 30 minutes
incubation at room temperature inside of a dark box. After the total 90 minutes of
incubation time the cells are washed 3 times with cell media and left with 1.5 mL
of media.
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Figure 3.32: Different size designs of the planar coil. Both spacing and width of coil
wires.
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Figure 3.33: Diagram of a complete planar coil device. Left 45 angle view, right
Top view

Figure 3.34: Image of planar coils.
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CHAPTER 4
APPLICATION OF DEVICES
In this chapter, results using the experimental methods discussed in chapter 3 are
explained. First, showing the progression of neural stimulation studies conducted
on neural cell culture with our partner laboratories in Indiana and California. With
the stimulation methods explained in chapter 3, analysis of studies conducted on
stimulating single neurons in neural cell culture are explained. Then, the hypothesis
and theory behind recording with the inductive coil are explained in detail to determine if the inductive coils are suitable for neural recording. In our group, other
members are investigating this approach experimentally, this dissertation will focus
on this design theoretically.

4.1
4.1.1

Electromagnetic Systems for Neural Stimulation
Underlying Physics of Stimulation with MENPs

Local energy due to MENPs are defined as  ∼ αqH, α is the ME coefficient, q is the
unit charge, H is the field, and Wth is the threshold energy for neural firing. Given
that the ME coefficient is ∼10 V /cm/Oe, when applying weaker fields (∼100 Oe)
on neurons its firing frequency tends to increase. This is further explained in figure
4.1, the magnetic field application is not sufficient to pass the firing threshold energy
defined by the neuron. This causes the frequency of an already active neuron to
increase according to f ∼ exp(αqH/WT H ). Furthermore, instantaneous firing can
be achieved when αqH (by applying ∼200 Oe) is greater than the firing threshold
energy defined by the neuron, described in detail in figure 4.2. By applying energy greater than the neuron’s threshold, a neuron will fire instantaneously. This
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Figure 4.1: Physics dynamics of application of relatively weak field used for firing
frequency increase.
can all be controlled through different variations of MENPs and magnetic source
parameters.
These set of theoretical analysis shows complete control of neural stimulation
wirelessly using the power of MENPs and electromagnetic engineering. No other
technology has this type of control activating single neurons, while still maintaining
true wireless power transfer. This incredible achievement only demonstrates the beginning of what MENPs, and wireless magnetic power transfer can promise. Further
development of this technology can further extrapolate to live animals and even a
viable technology to be used on humans.

4.1.2

Cell Culture Stimulation Experiments

Neural cell stimulation experiments were conducted using the designs discussed in
detail in section 3.0.2 (microscope) and 3.0.3 (navigation). Using the modified Nikon
microscope with the micropipette attached with MENPs. MENPs were easily localized to the area where the microscope was taking images. The micropipette attached
with MENPs allowed for proper control of the location of MENPs with micrometer
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Figure 4.2: Physics dynamics of application of strong field used for instantaneous
firing.
accuracy. This microscope allowed to analyze single neurons optically along with
the neural analysis software. E18 Rat Hippocampus cells are grown as the primary
neuron culture discussed in chapter 3.
Preliminary measurements were conducted to fully understand the micropipette
and micropositioner setup. These studies were conducted by using a fluorescent
microscope to detect a change of intensity from the GECI modified neurons whenever
the neuron fired. These signals were processed to show the following figures. In
figures 4.3 & 4.4, the green line denotes the activation of magnetic field that is used
to stimulate the MENPs that will then stimulate the neurons. Before the green
line, no magnetic field is turned on, giving a period of 60 seconds for control. The
blue from the signal on these and following graphs denote the raw signal from the
GECI and the red from the signal is filtering of the blue signals after background
noise cancellation from CaImAn. These preliminary results indicated that the setup
and MENPs were working properly, not only showing activation of a neuron, seen
in figure 4.4, but also showing change in an already active neuron’s firing pattern
seen in figure 4.3. Normal activation can be seen in figure 4.3, after 60 seconds of
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Figure 4.3: Preliminary results from writing on neural cell culture. Vertical green
line denotes when the magnetic field is activated. This preliminary study shows a
change in frequency of one neuron’s activation after application of magnetic field.
magnetic field off, once the magnetic field is turned on (green line) activation of the
neuron via the Cal-520 dye light intensity change. Even after initial activation, the
neuron continues to be active while the magnetic fields are on. Moreover, in figure
4.4, the neuron was already active during the initial 60 seconds with no magnetic
field applied. Once the magnetic field was applied the frequency of firing changed,
increasing the amount of firing that specific neuron was experiencing.
For the second set of experiments magnetic waves are used to properly investigate
activation due to magnetic fields. Instead of using a pulse-like wave such as a square
wave, a sinusoidal wave was investigated. The frequency of the wave is set at 10
Hz, while keeping the voltage/gain consistent, maintaining a magnitude of magnetic
field around 300-400 Oe. In figure 4.5, the heat map of neural activity from dish
2 is shown, the red regions are areas with the most neural activity. In this heat
map, most of the activity is around the area where the micropipette purposely was
placed (top left of figure 4.5). This ensures that the MENPs are truly ”stuck” on
the tip of the micropipette causing neural activity after magnetic field application.
Moreover, unlike the first set of experiments, most of the neurons analyzed seemed to
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Figure 4.4: Preliminary results from writing on neural cell culture. Vertical green
line denotes when the magnetic field is activated. This preliminary study shows
almost instantaneous activation of the neuron after application of magnetic field.
activate almost instantaneously (figure 4.6-4.11). Similar results are seen on multiple
cell dishes, this shows even more promise for instantaneous wireless stimulation
of neurons via MENPs. Control experiments were conducted with micropipettes
without any MENPs attached, these experiments are shown in figures 4.12-4.16. In
figure 4.12 a micropipette was placed where the dotted circle line is shown, this
shows the little to no activity recorded throughout the experiment. Also, there is
no local firing anywhere near the micropipette. Furthermore, in figures 4.16 the
time-intensity data shows no neuronal firing before or after magnetic activation.
Clearly showing the MENPs attached to the surface from the previous experiments
shown are soley the cause for local neuronal firing.
These studies show neural activation in the local areas where the micropipette is
applied. Collaborators in Cellular Nanomed Inc. (CNMI) and Indiana University Purdue University at Indianapolis (IUPUI) both confirmed similar activation locally
using different methods. IUPUI did a comprehensive biological study along with our
technology to confirm that neurons are activating locally [91]. CNMI on the other
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hand used magnetic field gradients to activate a single neuron at a time, using
magnetic field sources similar to the ones explained in this dissertation.

4.2

Novel Electromagnetic Systems Theory to Record Neural Activity

The aforementioned experiments (see section 4.1.2) have for the first time using
MENPs and electromagnetic engineering demonstrated wireless stimulation of neurons. Furthermore, this is the first time neurons have been activated at a singleneuron level. It is obvious that the potential of this technology is unprecedented.
One can only imagine how many game-changing applications this technology will
unlock in the future. These applications will span from highly personalized precision
treatment of neurological diseases and development of high-precision wireless BMI
to next-generation information processing. In addition, by the Principle of Reciprocity, MENPs can be used not only for wireless writing information (stimulation)
but also wireless reading information (recording) from nervous systems. This thesis
has focused on the development of tools to demonstrate wireless stimulation. However, because of this reciprocal physics of MENPs, it also paves the way to further
development of next-generation wireless recording systems. In fact, this chapter will
go over the basic physics which have demonstrated the first principles of recording
with inductive coils using MENPs.

4.2.1

Underlying Physics of Recording with MENPs

It can be noted that there are two basic modes to record neural firing by MENPs.
These two modes are passive and active, respectively. According to the passive
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Figure 4.5: Overall activity coming from neural cell culture. Red zones denote full
neuron firing, Yellow denotes some neurons firing, and blue denotes no neuron firing
in this heat map. Yellow doted circle denotes where the micropipette was placed.
mode, high-sensitive magnetometers can be used to directly sense the magnetic
field due to the minute changes of the MENPs’ magnetic moments owing to the ME
effect during neural firing. Although it can be shown that these fields (in the range
of 100 pTs) are significantly higher than the magnetic fields detected by magnetoencephalography (MEG) (in the range of 100s of fT), they are still relatively small to be
detected by room-temperature magnetometers such as tunneling magnetoresistive
(TMR) sensor, optically pumped magnetometers (OPMs), and others. In contrast,
using the active recording mode can help overcome the problem. In this case, the
MENPs’ signals are synchronously excited (activated) by an external source, then
the detected signal, modulated by neural activity, can be tuned to be sufficiently
high to provide an adequate signal-to-noise ratio into the detection channel. Below,
these two modes of recording are described in more detail.
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Figure 4.6: Demonstration of writing on neural cell culture. (60 s magnet turn
on - 5 vpp - 10 hz sine wave). This neuron shows instantaneous activation after
application of magnetic fields.
Theory of Passive Recording with MENPs
Estimate of the field from nanoparticles on one membrane: A dose of 10 µg of MENPs
(equivalent to approximately 20 billion nanoparticles, assuming the atomic density
of a 30-nm nanoparticle to be on the order of 5 g/cc) is administrated in the blood
stream through an IV injection in a mouse tail vein. Considering 75 million neurons
per brain, on average there are hundreds of particles per neurons. It should be noted
that the current estimate is just a rough approximate to give an idea of the signal
detected in the passive recording with MENPs.
The volume of one 30-nm nanoparticle is 34 π(30nm)3 ∼ 3 × 27 × 10−18 cm3 ∼
10−16 cc. Assuming the atomic density of approximately 5 g/cc, each nanoparticle
weights approximately 5 × 10−16 g. Then, a dose of 1 µg contains approximately
1 × 10−6 /(5 × 10−16 ) = 2 × 109 = 2 billion nanoparticles.
Assuming the magnetization of the nanoparticle is on the order of 10 emu/cc,
the moment of one nanoparticle is 10 emu/cc ×10−16 cc = 10−15 emu. Then, the net
moment from 2 billion nanoparticles (1 µg) would be approximately 2 × 10−6 emu.
Assuming a limited number of nanoparticles are concentrated on a membrane surface
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Figure 4.7: Demonstration of writing on neural cell culture. (60 s magnet turn
on - 5 vpp - 10 hz sine wave). This neuron shows instantaneous activation after
application of magnetic fields.
of 100 × 100 µm2 , with an average separation between nanoparticles of 0.1 µm, the
magnetic moment of this local region would be approximately m ∼ 103 × 103 × 10−15
emu = 10−9 emu. The total number of the nanoparticles in this region would be
approximately 106 . The net weight of the nanoparticles in this region would be
approximately 10−9 /10−6 = 10−3 µg.
Then, in the dipole approximation, assuming the magnetization is perpendicular
to the surface of the membrane, the field at the surface of the skull due to the above
moment (distributed over the 100 × 100 µm2 surface region) at a distance r=1 cm
deep in the brain, in the dipole approximation, is

H∼

m
∼ 10−9 × 10−3 Am2 /(10 × 10−6 m3 ) ∼ 10−7 A/m ∼ 10−9 Oe
8πr3

= 10−13 T = 100 f T
One can see that this field value, obtained from a small microregion in the brain
with MENPs, is comparable to the net signal coming from the entire brain (of a
human) as measured by a state of the art MEG system under special conditions, e.g.,
using low-temperature cooled superconducting magnets, specially shielded rooms,
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Figure 4.8: Demonstration of writing on neural cell culture. (60 s magnet turn
on - 5 vpp - 10 hz sine wave). This neuron shows instantaneous activation after
application of magnetic fields.
etc. Increasing the magnetization to 100 emu/cc increases the field on the surface of
the skull due to the small region 1 cm deep in the brain to 1000 fT. Considering the
thickness of the skull is on the order of 1 cm, this field drops by another factor of
10, so it will be on the order of 100 fT. Scaling the analysis to a larger region of the
brain across the thickness, i.e., not just placing the nanoparticles on one membrane
surface only, e.g., by multiplying the volume by 1000 (equivalent to using 1 µg of
MENPs), the net signal would become on the order of 105 fT (10−10 T = 10−6 Oe).
It can be noted that the typical environmental noise is on the order 105 pT. The
sensitivity of OPM is relatively high (∼ 10 fT/Sqrt(f) in a 100-Hz band), however
the dynamic range is relatively low, ± 5 nT. For comparison, the TMR noise level
is 100 pT/sqrt(f), though the dynamic range is significantly better, ± 100 µT.
Interestingly, the depolarization changing field in the brain due to a current of 100
µA by two diametrically located microelectrodes (with a few centimeters between
each other) would generate a magnetic field on the order of 3 fT. For comparison,
the spectral noise density in a typical SQUID based magnetoencephalography MEG
system in the frequency band 1-100 Hz is approximately 7 fT. In summary, according
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Figure 4.9: Demonstration of writing on neural cell culture. (60 s magnet turn
on - 5 vpp - 10 hz sine wave). This neuron shows instantaneous activation after
application of magnetic fields.
to this analysis, the SNR of the passive recording mode with MENPs could be
improved by approximately 3 orders of magnitude compared to the state-of-the-art
MEG systems. Again, there are several ways to record information passively, e.g.,
OPM, SQUID, and others. Below, we describe two examples of relatively simple
room temperature magnetometers which ideally could be used in these studies.
MENPs’ passive recording by an inductive coil: As described in section 3.0.3, almost “perfectly” matched balancing pairs of detection coils can be used to measure
magnetic moment changes due to nanoparticles. However, the sensitivity of this
approach is on the order of 10−6 emu (for a radius of 5 mm) and limited by the geometry of the coils, the noise balancing compensation of the coils, and the location
of the sample with respect to the coils. The smallest amount of the nanoparticles
which could be detected is approximately 10−6 /10 = 0.1 µg. Therefore, although

89

Figure 4.10: Demonstration of writing on neural cell culture. (60 s magnet turn
on - 5 vpp - 10 hz sine wave). This neuron shows instantaneous activation after
application of magnetic fields.
this approach is straightforward to use for in vitro studies and nanoparticle characterization, we need to use a more advanced approach to enable a single-neuron
resolution in an in vivo setting.
MENPs’ passive recording by GMR/TMR approach: Giant magnetoresistance (GMR)
or tunneling magnetoresistance (TMR) is much more sensitive than the Hall Effect
based counterpart. Indeed, modern GMR/TMR sensors are designed to pick up
fields on the order of 0.1 Oe = 10−5 T. One way to further improve this approach,
at least for in vitro studies, is to use a soft yoke (antenna in the form of a plate)
to pick up a magnetic field over a relatively large area (flux) and then “squeeze”
the flux into a small area of the sensor. For example, if the area of the plane is
approximately 1 × 1 cm2 and the effective area of the GMR/TMR sensor is on the
order of 10 × 10 µm2 , then the area ratio would be on the order of 1 million. In this
case, ideally, such a sensor could pick up a field on the order of 10−5 /106 = 10−11
T = 10,000 fT. It is noteworthy that with further development of spintronics, e.g.,
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Figure 4.11: Demonstration of writing on neural cell culture. (60 s magnet turn
on - 5 vpp - 10 hz sine wave). This neuron shows instantaneous activation after
application of magnetic fields.
ballistic transport devices, quantum sensors, etc., we cannot exclude the possibility
of using an array of specially matched high-sensitivity GMR/TMR sensors in the
future.
In summary, the passive recording mode with MENPs promises approximately
3 orders of magnitude improvement in SNR compared to the current MEG systems.
For comparison, the active recording mode with MENPs, as described below in
more detail, can further increase the SNR, however at the cost of using an external
source(s) to initially excite nanoparticles.

Theory of Active Recording with Inductive Coils using MENPs
The following system was designed to be used to actively record neural activity from
cell cultures (hippocampus and cortex lines).
All the nanoparticles in the cell culture’s FOV (field of view defined by the sensor)
are synchronously excited (activated) by a relatively weak ac field, e.g., generated
by an activation coil. The purpose of this synchronous excitation (activation) is to
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Figure 4.12: Overall activity coming from control cell culture dish. For the controls
red zones denote if a neuron fired spontaneously, Yellow denotes possible spontaneous firing, and blue denotes no neuron firing. Yellow doted circle denotes where
the micropipette was placed.
co-align the spins of all the nanoparticles in one orientation so that that the net
signal from the nanoparticles, as detected by the sensor, is additive.
If a neuron is not firing, the magnetic moments of all the nanoparticles in the
FOV around the neuron are synchronously oriented along the electric field component of the EM by the activation coil. Here, it can be noted that because of the
magnetoelectric (ME) effect of MENPs, the electric field component of the EM wave
generated by a coil makes a dominant contribution into the net orientation of the
nanoparticles’ moments, both electric and magnetic, compared to that of the magnetic field. In fact, as soon as a relatively small AC magnetic field is induced, an
AC electric field is generated according to the Maxwell’s equations, the amplitude
of the electric field is:

E0 = B0
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n

Figure 4.13: Control of writing on neural cell culture with micropipette without
MENPs attached. (75 s magnet turn on - 5 vpp - 10 hz sine wave). This neuron
shows little to no firing even after the magnetic field is turned on.
E0 and B0 stand for the amplitudes of the electric and magnetic fields, respectively, c is the speed of light, and n is the refraction coefficient in the media. For
example, application of an AC magnetic field with an amplitude of 10 µT gives an
AC electric field with an amplitude of E0 ∼ 100 V/m (comparable to the electric
field magnitude in the cellular environment due to neural firing). In turn, owing
to the ME effect, this electric field will generate a magnetic moment in the same
orientation:

M E = αE0 = 10 [Gcm/V ] × 100 [V /m] = 10 G
In other words, due to the ME effect, application of the magnetic field of 10
µT is equivalent to application of an effective magnetic field of 10 G (1000 µT)
along the orientation of the electric field. Considering this effective magnetic field is
significantly larger than the actual magnetic field, the magnetic moment dipole of
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Figure 4.14: Control of writing on neural cell culture with micropipette without
MENPs attached. (75 s magnet turn on - 5 vpp - 10 hz sine wave). This neuron
shows little to no firing even after the magnetic field is turned on.
such nanoparticles will be oriented along the electric field component of the AC field,
as shown in figure 4.18a. To illustrate this point, figure 4.17 shows the orientation
of the magnetic moments of the nanoparticles along the electric field component of
the EM wave when the neuron in the FOV is not firing. However, if the neuron is
firing, the intrinsic electric fields in the media due to the neural firing, on the order
of 100 V/m, will break the synchronous excitation of the MENPs’ spins, as shown in
figure 4.18. As a result, the magnetic response of each nanoparticle has an arbitrary
phase. Moreover, when the arbitrary phase of each nanoparticles is combined, the
net signal from all the nanoparticles cancels out and thus falls to zero. For the effect
to happen, the externally applied electric field should be comparable to the electric
field due to the neural firing. That is the reason we chose parameters to provide a
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Figure 4.15: Control of writing on neural cell culture with micropipette without
MENPs attached. (75 s magnet turn on - 5 vpp - 10 hz sine wave). This neuron
shows little to no firing even after the magnetic field is turned on.
local electric field on the order of 100 V/m. As soon as we introduce MENTs into
the system shown in figure 4.18, including an activation source and a sensor, the
sensor will pick up the signal due to the net response from the nanoparticles.
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Figure 4.16: Control of writing on neural cell culture with micropipette without
MENPs attached. (75 s magnet turn on - 5 vpp - 10 hz sine wave). This neuron
shows little to no firing even after the magnetic field is turned on.

Figure 4.17: Illustration (not to scale) of MENPs in a neural cell culture. At every
point, the relative orientations of the magnetic and electric fields are normal to each
other, with the ratio of their amplitudes equal to E0 /B0 = c/n, where c is the speed
of light and n is the media refraction coefficient.
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Figure 4.18: Illustration of synchronous and asynchronous responses of MENPs
when a neuron is not firing (a) and firing (b).
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CHAPTER 5
CONCLUSION OF EXPERIMENTS AND FUTURE WORK
This dissertation studied electromagnetic devices that took advantage of unique
properties found in magnetoelectric nanoparticles, particularly the magnetoelectric
effect. These devices were shown to be capable of contactless stimulation of local
regions deep in the brain with a sub-mm spatial resolution. Further, a novel theoretical paradigm was developed to show how these devices and systems can be used to
wirelessly record information due to local neural activity. The achieved milestones
are summarized below in more detail.
Contactless Neural Stimulation with MENPs: To underscore the significance of this achievement, the demonstrated spatial resolution cannot be achieved
by any other non-surgical technology available today, e.g., TMS, ultrasound, or
optogenetics. To achieve the sub-mm spatial resolution, sub-50-nm MENPs were
excited via application of magnetic fields with special spatiotemporal patterns. The
electromagnetic devices designed through this dissertation were tested in different
neuroscience laboratories across the country, including Stark Neuroscience Research
Institute at Indiana University – Purdue University at Indianapolis (IUPUI) In Indianapolis, Indiana, and Cellular Nanomed (CNMI) in Irvine California [91]. As
described in Chapter 4, neural activation was achieved with these devices in in-vitro
studies using hippocampal neuronal cell cultures. Multiple magnetic field sources
were designed and used throughout the developmental stage to understand the underlying engineering mechanisms. As a result, further insight into the requirements
on the MENPs’ properties were acquired to eventually build working prototypes.
For example, it was understood that having an adequately high ME coefficient (>
1 V/cm/Oe) was the most important property of the nanoparticles, contrary to our
earlier belief that having a sufficiently high saturation magnetization were equally
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important. Indeed, the measurements which showed the best spatial resolution,
i.e., in the sub-mm range, were conducted on the nanoparticles with a saturation
magnetization on the order of 1 emu/g. For comparison, this value was two orders
of magnitude smaller than the saturation magnetization of traditional iron oxide
nanoparticles used as MRI tracers. Consequently, because the magnetic force acting on the nanoparticles was proportional to the saturation magnetization, even a
relatively large magnetic field gradient, on the order of 1000 Oe/cm, did not lead to
a magnetic force large enough to pull the nanoparticles away from the membrane.
However, this magnetic field gradient value was large enough to be used as a selection mechanism to locally activate neurons because of the magnetoelectric effect.
In other words, the change of the magnetic field on the order of 100 Oe for every
millimeter was sufficient to overcome the field threshold required to neural firing
while not being large enough to induce firing in its adjacent neurons. The local
activation by this technology was confirmed by calcium ion channel imaging. The
activated ion current patterns closely matched those of the externally applied magnetic fields. In the future, we would like to study effects also on other ion channels,
e.g., sodium ion channels. Indeed, the sodium ion channels are known to respond
much faster to an electric field neural activation, compared to the calcium channels.
For comparison, the response latency for calcium and ion channels are on the order of 1 and 100 milliseconds, respectively [96][97]. Therefore, understanding the
sodium ion channels response could shed light on intrinsic intracellular mechanisms
due to the MENPs-triggered activation processes under study.
This aforementioned local stimulation approach, i.e., via localizing field profiles,
is one of the two basic complementing approaches. The other approach is to localize
the nanoparticles instead of localizing the control magnetic field profiles. Indeed,
we showed that the nanoparticles could be localized in a cell culture using the novel
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approach based on the metastable physics. With a spatial resolution theoritically
on the order of 50 microns, this approach is a promising alternative. However,
more engineering research should be conducted to perfect the method and better
understand the underlying engineering principles. In this study, we used two sets of
electromagnetic coil pairs to control the navigation of the nanoparticles along two
spatial directions, e.g., the X and Y axes, respectively, while keeping the navigation
relatively unrestricted along the third direction, i.e., along the Z axis. In the future,
this approach should be extended into a 3rd dimension, using improved and better
engineered 3D micropositioning systems.
Contactless Neural Recording with MENPs: A theoretical model to use a
MENPs-based technology capable of wirelessly recording local neural activity in real
time, operational at room temperature and without requiring a specially shielded
space, was developed throughout this work. To highlight the importance of this
work, the following observation can be made. Today, there is only one commercially
available and FDA-approved technology which could wirelessly record neural activity
deep in the brain. It is magnetoencephalography (MEG). However, MEG not only
requires extremely expensive cryogenic equipment to detect minute magnetic fields
over the skull to neural activity deep in the brain (on the order of 100 fT), it is also
highly prone to electromagnetic noise and thus can be used only in special shielded
rooms. Furthermore, the spatial resolution of MEG is fundamentally limited by the
mathematics of inverse solutions. All these factors prohibit MEG to properly image
single neuron interaction. Besides MEG, optical detection is another approach currently pursued in several research laboratories to wirelessly record neural activity
deep in the brain [98]. Indeed, optical interferometry could provide the required spatial resolution to detect activity of single neurons. However, the challenge with any
optical approach it the highly limited penetrability through the skull. It is unlikely

100

that adequate signal to noise ratio could be achieved with optical approaches for any
application with a skull thickness above 6 mm. The approach is very useful to study
the neurophysiology in small animal models, e.g., mice. However, it is difficult to
see how this approach would be applied to humans, with the average skull thickness
ranging from 6 to 7 mm. In contrast, with the novel MENPs-based approach, brain
activity from a relatively small region, with a net volume on the order of 10 mm3 ,
could be recorded in real time at room temperature. Some encouraging preliminary studies were conducted by our collaborators using highly sensitive inductive
coils specifically designed to measure minute changes in magnetic fields emanating
from magnetization changes in MENPs due to neural activity. The experiments
with these new recording coils, developed through this thesis study, were applied
to study neural recording in vivo (mice models) and in vitro (using neuronal cell
cultures). Although this study was not comprehensive enough to achieve the targeted high spatial resolution recording, still it was groundbreaking because it for the
first time demonstrated the novel principles of contactless recording at room temperature. The above writing (stimulation) experiments with MENPs were far more
comprehensive; they paved the way to the recording experiments with MENPs. It is
noteworthy that according to the physics principle of reciprocity, owing to the linear
nature of the ME effect, if MENPs can write they also can read back information. In
the future, the novel recording approach could be significantly improved using more
sensitive magnetometers such tunneling magnetoresistance (TMR) sensors, optical
pumping magnetometers (OPMs), and gradient magnetometers. These alternative
systems display substantially improved sensitivity and dynamic ranges to be able
to record neural activity in real time. Hence, these engineering approaches should
be further study in the future, probably in the next PhD thesis in the Khizroev
laboratory.
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Potential Future Research: Multimodal Functionality of MENPs: This
dissertation focused on engineering systems to control interaction between the two
field modes, local magnetic and electric fields, respectively. However, MENPs can
be activated with other energies as well, as for the first time proposed by Dr. Ping
Liang of CNMI, Irvine, CA [10]. This functionality is known as multimodal because
the ME effect allows to simultaneously use multiple field modes to control local
electric fields. These remotely induced modes can include magnetic fields, ultrasound waves, near-infrared (NIR) electromagnetic fields, and others. When applied
to MENPs in a combination of two, these modes generate a spatiotemporal pattern
of the local electric field to achieve stimulation and recording with temporal and
spatial resolutions which could not be achieved by any one of these modes alone.
Owing to the combination effect, this multimodal application allows to enhance advantages of single field modes while mitigating their disadvantages. For example,
combining magnetic fields and NIR light can be used to induce electric fields near
the nanoparticles with a micrometer spatial resolution, defined by the NIR light,
and a relatively high field strength of > 2 mV/nm, defined by the magnetic field
and thus enable stimulation at a single-neuron level at any region in the brain. Such
capability could not be achieved by either of these two fields alone. Given this multimodal modality of MENPs, it is worthwhile pursuing a study to engineer novel
devices which could take advantage of this modality. It is likely lead to another PhD
thesis in the Khizroev laboratory.
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